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The high global breast cancer incidence drives the development of novel genomic approaches 
for disease prevention and targeted treatment. Towards this goal, a pathology-supported 
genetic testing (PSGT) platform was established to facilitate risk management of non-
communicable diseases across the continuum of care, ranging from early-stage to metastatic 
disease and cancer survivorship. The causes and consequences of low vitamin D levels 
recently reported in the majority of postmenopausal breast cancer patients treated with 
aromatase inhibitors at the Tygerberg Academic Hospital, in the Western Cape Province of 
South Africa, were addressed in this study using PSGT to translate genomic findings into 
clinical practice. 
The aim was to determine the relationship between clinical characteristics, tumour 
histopathology and genetic variation underlying vitamin D metabolism in postmenopausal 
breast cancer patients at increased risk of osteoporosis, identified as a significant co-morbidity 
in the study population. 
Clinical and lifestyle information of 116 postmenopausal women with known vitamin D status 
diagnosed with breast carcinoma between 2014 and 2017 was extracted from a central 
genomics database linked to a biobank of DNA samples extracted from blood. Whole exome 
sequencing (WES) was performed on the Ion Torrent platform, followed by variant calling of 
vitamin D-related genes, while simultaneously assessing BRCA1/2 mutation status. Allele-
specific real-time polymerase chain reaction (PCR), Sanger sequencing and long-range 
nanopore sequencing using the pocket-size MinION device were used to verify the WES 
results and to screen for variants in the vitamin D receptor (VDR) and E-cadherin 
(CDH1) genes beyond the coding regions covered by WES. 
Seasonal variation (p = 0.009) and high body mass index (BMI) (p = 0.032) contributed 
significantly to vitamin D levels, with the lowest values recorded during winter. WES initially 
performed in 10 breast cancer patients selected based on vitamin D levels at extreme upper 
and lower ranges, identified GC rs4588 (c.1364C>A, T455K) as a potential contributing factor 
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to vitamin D deficiency in the five patients with ultra-low vitamin D levels (≤12 ng/mL). 
However, 2/5 patients with levels in the upper extreme of vitamin D (>30 ng/mL), also tested 
positive for this variant and no significant association was detected after extended genotyping 
in 100 South African patients using real-time PCR. Sanger sequencing subsequently 
performed in 14 breast cancer patients diagnosed with osteoporosis prior to initiation of 
aromatase inhibitor therapy, highlighted the potential significance of genetic variation in 
the VDR gene. WES analysis of VDR in an extended sample of 55 breast cancer patients 
furthermore confirmed the significant effect of genetic variation in this gene on bone health (p 
< 0.001).  
The CDH1 gene known to be activated by VDR was furthermore analysed in patients stratified 
by tumour type. CDH1 c.G671A (p.R224H) detected in a breast cancer patient with invasive 
carcinoma of no special type (ICNST) was classified as benign, since pathogenic 
germline CDH1 variants are associated with invasive lobular carcinoma and diffuse gastric 
cancer, but not ICNST. CDH1 c.A1298G (p.D433G) was detected in a patient with invasive 
lobular carcinoma together with a pathogenic BRCA1 variant detected by WES. Although this 
finding supports a likely benign classification for CDH1 p.D433G as reported in the 
international ClinVar database, a family history of stomach cancer raised the possibility of 
a CDH1 modifier gene effect on BRCA1 gene expression.  
New insights gained through integration of pathology and genomic findings were incorporated 
into a pharmaco-diagnostic algorithm applicable to hormone receptor-positive 
postmenopausal breast cancer patients. The PSGT platform facilitated interpretation of 
research results of study participants through use of WES and recommendation of genetic 




Die hoë globale voorkoms van borskanker dryf die ontwikkeling van nuwe genomiese 
benaderings tot siekte voorkoming and geteikende behandeling. Om hierdie doel te 
verwesenlik is ‘n patologie-ondersteunde genetiese toets platform (POGT) daargestel om 
risikohantering oor die kontinuum van sorg te fasiliteer, wat strek van vroeë tot metastatiese 
siekte en oorlewing van kanker. Die oorsaak en gevolge van lae vitamien D vlakke wat onlangs 
gerapporteer is in die meerderheid van postmenopousale borskanker pasiënte wat met 
aromatase inhibitore behandel word by die Tygerberg Akademiese Hospitaal, in die Wes Kaap 
provinsie van Suid-Afrika, is aangespreek in hierdie studie deur POGT te gebruik om 
genomiese bevindings om te skakel in kliniese praktyk. 
Die doel was om die verband te bepaal tussen kliniese karaktertrekke, tumor histopatologie 
en genetiese variasie onderliggend aan vitamien D tekort in postmenopousale borskanker 
pasiënte met verhoogde risiko vir osteoporose, wat as ‘n belangrike ko-morbiditeit 
geïdentifiseer is in die studiepopulasie. 
Kliniese en leefstyl inligting van 116 postmenopousale vroue met bekende vitamien  D status, 
nuut gediagnoseer met borskanker tussen 2014 and 2017, is selekteer uit ‘n sentrale 
genomiese databasis wat gekoppel is aan ‘n biobank van DNA monsters wat geëkstraheer is 
uit bloed. Heel eksoom volgordebepaling (HEV) is uitgevoer op die Ion Torrent platform, 
gevolg deur variant selektering van vitamien D-verwante gene, met gelyktydige bepaling 
van BRCA1/2 mutasie status. Alleel-spesifieke reël-tyd polymerase ketting reaksie 
(PKR), Sanger DNA volgordebepaling, en lang-fragment nanopore volgordebepaling is 
uitgevoer met gebruik van ‘n sak-grootte MinION apparaat om die HEV uitslae te bevestig en 
te sif vir variante in die vitamien D reseptor (VDR) en E-cadherin (CDH1) gene buite die 
kodering areas wat deur HEV gedek word. 
Seisoenale variasie (p =  0.009) en hoë liggaam gewig indeks (p = 0.032) het statisties 
betekenisvol bygedra tot vitamien D vlakke, met die laagste waardes tydens winter gemeet. 
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HEV wat aanvanklik gedoen is in 10 geselekteerde borskanker pasiënte gebaseer op vitamien 
D wat in the uiterste van die hoogste en laagste vlakke gemeet het, 
het GC rs4588 (c.1364C>A, T455K) geïdentifiseer as ‘n potensieël bydraende faktor 
tot  vitamien D tekort in vyf pasiënte met ultra-laag vitamien D vlakke (≤12 ng/mL).  Twee uit 
vyf pasiënte met die hoogste vlakke van vitamin D (>30 ng/mL) het ook postief getoets vir 
hierdie GC variant, en ‘n uitgebreide genotipering deur gebruik van reël-tyd PKR in 100 Suid-
Afrikaanse pasiënte nie ‘n statisties betekenisvolle assosiasie met vitamien D vlakke getoon 
het nie. Sanger volgordebepaling wat is daarna uitgevoer in 14 borskanker pasiënte 
gediagnoseer met osteoporose voor die aanvang van aromatase inhibitor behandeling, het 
die kliniese relevansie van genetiese variasie in die VDR geen beklemtoon. 
HEV analise van VDR in ‘n uitgebreide aantal van 55 borskanker pasiënte het die 
betekenisvolle effek van VDR genetiese variasie op beengesondheid verder bevestig (p < 
0.001).  Die CDH1 geen wat deur VDR geaktiveer word is verder ondersoek in pasiënte wat 
gestratisifeer is volgens tumor tipe.  Die CDH1 c.G671A (p.R224H) variant wat waargeneem 
is in ‘n borskanker pasiënt met infiltrerende karsinoom van geen spesiale tipe is geklassifiseer 
as benigne, aangesien patogeniese kiemlyn CDH1 variante geassosieer word met 
infiltrerende lobulêre karsinoom (ILK) en diffuse maagkanker, en nie infiltrerende karsinoom 
van geen spesiale tipe nie. CDH1 c.A1298G (p.D433G) is in ‘n pasiënt met ILK tesame met 
‘n patogeniese BRCA1 variant waargeneem met gebruik van HEV. Alhoewel hierdie bevinding 
‘n waarskynlik benigne klassifikasie ondersteun soos gerappporteer in die internasionale 
ClinVar databasis, het die familiegeskiedenis van maagkanker die moontlikheid van ‘n 
CDH1 modifiseerder geen effek op BRCA1 geen uitdrukking uitgelig. 
Nuwe insigte soos verkry deur die integrasie van patologie en genomiese bevindinge in hierdie 
studie, is geïnkorporeer in n farmako-diagnostiese algoritme, toepaslik tot hormoon-positiewe 
postmenopousale borskanker pasiënte. Die POGT platform fasiliteer interpretasie van 
navorsingresultate van studie deelnemers deur die gebruik van HEV asook aanbeveling van 
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OUTLINE OF THE DISSERTATION 
 
Chapter 1 includes the general introduction, research aim and objectives as well as the layout 
of the thesis. Chapter 2 is a comprehensive literature review of the research topic including 
an evaluation of vitamin D biochemistry and the genes involved in this metabolic pathway that 
affects expression of VDR. Risk factors, classification and subtypes of breast cancer are 
furthermore discussed in the context of prevention, diagnosis and treatment. Finally, the 
application of next generation sequencing technologies and nanopore long-range sequencing 
are also explained in this context. Chapter 3 provides a detailed report on the materials and 
methods used, with referral to the ethics approval process followed during the course of this 
study. Chapter 4 covers a descriptive analysis of the study population based on vitamin D 
levels determined at presentation for genotype-phenotype association studies. Whole exome 
sequencing results are compared between two different sequencing platforms: Ion Torrent and 
Oxford Nanopore MinION. Chapter 5 is the discussion of the results in relation to current 
knowledge, in order to highlight the novel contribution from the research performed. The 
incorporation of new knowledge into the pathology-supported genetic testing platform is 
















According to the 2018 World Health Organization (WHO) statistics, 41 million deaths were 
recorded globally in 2016, of which approximately 70% were attributed to non-communicable 
diseases (NCDs). Most deaths were due to four major NCDs: cancers, cardiovascular disease 
(CVD),  diabetes and chronic respiratory diseases (Bray et al., 2018). Breast cancer is the first 
among the 6 leading types of cancer in women worldwide (GLOBOCAN 2018). Figure 1.1 
shows the distribution of the six leading cancer types among females worldwide. 
 
Figure 1.1: Worldwide geographical distribution of common types of cancer  among females 
reported in 2018. Source: Global Cancer Statistics 2018 (GLOBOCAN 2018). Global Cancer 
Observatory (https://gco.iarc.fr/today). Permission from: Data source: GLOBOCAN 2018 
 
The mortality rate when compared with incidence rate of breast cancer is higher on the African 
and Asian continents than in America and Europe (Ferlay et al., 2018). The breakdown of this 









Figure 1.2: Worldwide estimated incidence (A) and mortality (B) rates for female breast cancer reported in 2018. The different areas of the pie chart 
reflect the proportion of the total incidence or mortality in the different continents. Permission from: Data source: GLOBOCAN 2018. Graph 
production: Global Cancer Observatory (https://gco.iarc.fr/today) 
 
           





The increasing mortality rate of breast cancer in developing countries has been attributed to 
improved socioeconomic circumstances, involving movement from rural to urban settlements 
in search of higher education. This may be accompanied by adoption of a sedentary lifestyle 
with adverse effects on health and well-being (Bray et al., 2018). 
The high global incidence of cancer drives the development of novel genomic approaches for 
prevention and treatment in an affordable yet efficient manner. BRCA1 and BRCA2, 
categorized among the high penetrance cancer susceptibility genes are the most frequently 
mutated tumour suppressor genes in familial breast cancer (Mersch et al., 2015). Although 
carriers of pathogenic BRCA1/2 germline variants have a significantly increased lifetime risk 
for breast cancer (60-85%) (Mehrgou & Akouchekian, 2016), incomplete mutation penetrance 
indicates the involvement of other genetic and environmental factors as modifiers of disease 
risk and metastatic potential (Cooper et al., 2013). These may include vitamin D deficiency and 
variation in the vitamin D receptor (VDR) gene, associated with malignancy and activation of 
mechanisms underlying drug resistance (Graziano et al., 2016). The functional relationship 
detected between the vitamin D/VDR axis and deficiencies in DNA repair factors in senescent 
cells may contribute to genomic instability, allowing senescence bypass and tumorigenesis. 
Strategies to optimize vitamin D status are therefore important, especially in African countries 
where cancer is increasing (Moukayed & Grant, 2013).  
The importance of optimal vitamin D status in the prevention of osteoporosis and bone 
fractures is undisputed, while the effect on cancer risk remains uncertain. The reason why 
randomized controlled trials (RCTs) may fail to demonstrate causal connections with vitamin 
D levels in cancer patients has partly been ascribed to ignorance of critical biological criteria 
during study design (Lappe & Heaney, 2012). Individual genetic differences in vitamin D 
metabolism affecting treatment response are not adequately understood or quantified at 
present. RCTs of pharmaceutical drugs are performed with the assumption that the trial is the 
only source of the agent tested. Vitamin D levels however, are influenced by additional factors 




seasonal changes, body mass index (BMI), physical activity, smoking, diet and alcohol 
consumption (Shi et al., 2014). The relatively high prevalence of vitamin D deficiency among 
breast cancer patients with low physical activity and smokers led to recommendations for 
supplementation and other lifestyle modifications that may improve vitamin D status in breast 
cancer patients. 
The favourable effect of adequate vitamin D and calcium intake on musculoskeletal symptoms 
and long-term bone health is of particular relevance in postmenopausal breast cancer patients 
treated with aromatase inhibitors (Khan et al., 2010). These drugs are associated with 
increased risk for bone loss and fractures, in contrast to the bone protective effect of the 
selective oestrogen receptor (ER) modulator tamoxifen (Bauer et al., 2012). In this context 
exposure to sunlight (seasonal changes), population genetics, physical activity and nutritional 
factors are important considerations (Dawson-hughes & Harris, 2002; Grant & Boucher, 2017), 
particularly among postmenopausal breast cancer patients treated with aromatase inhibitors. 
These patients represent an important target group for the studies of genetic variation in the 
vitamin D pathway / receptor as the focus of this study.    
The finding that genetic information may be insufficient to explain familial risk or predict 
treatment response, led to the development of a pathology-supported genetic testing (PSGT) 
platform for research translation (Kotze et al., 2015). This involves the generation of a 
genomics database using an integrated service and research approach. As explained on the 
informed consent form designed for this purpose, data can be extracted from the genomics 
database to 1) study the role of genetics in health and disease and to 2) provide information 
that could help clinicians improve the medical treatment of their patients. Comparative 
effectiveness studies of emerging genomic technologies performed together with standard 
pathology assessments may translate into immediate clinical benefits. This was clearly 
demonstrated by safe avoidance of chemotherapy in approximately 50% of early-stage South 
African breast cancer patients referred for the 70-gene MammaPrint test, based partly on a 




progesterone receptor (PR) and human epidermal growth factor receptor-2 (HER2) status 
(Pohl et al., 2016). Application of PSGT furthermore facilitated interpretation of whole exome 
sequencing (WES) results in BRCA1/2 mutation-negative breast cancer patients with tumour 
heterogeneity noted among affected members in the same family, including the index case 
referred for the MammaPrint test in 2008 (van der Merwe et al., 2017). Insight gained from 
these studies highlighted the importance of a clinical pipeline to define the target population 
most likely to benefit from aromatase inhibitor pharmacogenetic testing among South African 
breast cancer patients with known vitamin D levels (Baatjes et al., 2017).  
The majority (55%) of postmenopausal hormone-positive South African patients treated with 
aromatase inhibitors in the study of Baatjes (2018) were found to be vitamin D deficient. This 
could have contributed to significant bone loss (>5%) linked to the CYP19A1 rs10046 AA 
genotype implicated in a 12-month follow-up study.  However, the cause for a similar degree 
of bone loss in a number of patients without this genotype, as well as osteopenia or 
osteoporosis detected in one-third of cases at baseline (Baatjes et al., 2019), remains to be 
identified in the same study cohort.  
1.1 Rationale 
Vitamin D deficiency correlates with poor outcomes in patients with the luminal A and luminal 
B breast cancer subtypes, while a similar association could not be demonstrated in patients 
with HER2-enriched or triple-negative breast cancer (Kim et al., 2011). Postmenopausal 
patients with the luminal-type breast cancer, which represents the most common form of this 
malignancy worldwide, were selected as the target population for the present study. 
Conflicting results on the relationship between circulating vitamin D levels and breast cancer 
may be related to the inability to agree upon a generally accepted reference range for vitamin 
D concentration (Kennel et al., 2010; Holick 2009). This raised the possibility that detection of 
the genetic component of vitamin D status in breast cancer patients may improve risk 




approaches used to investigate the role of vitamin D in breast cancer include clinical trials, 
case-control and epidemiological studies in different geographical regions, and studies of 
mechanism to measure the range associated with high-risk clinical outcomes and cancer 
prevention.  
1.2 Aim 
The aim of the study was to determine the relationship between clinical characteristics, tumour 
histopathology and genetic variation underlying vitamin D metabolism in the study cohort. The 
objectives were: 
1. To stratify the study population according to vitamin D levels documented in the research 
database. 
2. Perform WES in DNA samples of vitamin D-deficient breast cancer patients with ultra-low    
levels (≤12 ng/mL) for comparison of their vitamin D-related genetic profile with vitamin D 
sufficient (>30 ng/mL) patients in the highest extreme of normal values. 
3. Select clinically relevant single nucleotide variants (SNVs) based on the WES results and the 
literature study for genotype-phenotype association studies. 
4. Perform variant classification and clinical interpretation for return of research results in eligible 
patients.  
 
To meet these objectives, the research was conducted in four phases as shown in the research 
plan (Figure 1.3). Ultimately, new knowledge gained from this study will be incorporated into 
the PSGT platform in collaboration with the treating clinicians, to facilitate improved clinical 
management of hormone receptor-positive postmenopausal breast cancer patients treated 

























Figure 1.3: The research study plan. This research was conducted in four phases involving 1) 
extraction of relevant information from the genomics database, 2) whole exome sequencing 
(WES) at the Central Analytical Facility (CAF) of Stellenbosch University (Ion Proton), 3) 
extended genotyping of selected single nucleotide variants (SNVs) and long-range nanopore 
sequencing (MinION) at the Pathology Research Facility of Stellenbosch University, and 4) 
statistical analysis for interpretation of the data and incorporation of new knowledge into the 
pathology-supported genetic testing (PSGT) platform towards application of point-of-care 
technology. 
Incorporation of new knowledge into the 
pathology-supported genetic testing 
platform 




Selection of clinically relevant single nucleotide 
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Breast cancer is the leading cancer among women worldwide (Abulkhair et al., 2016). The 
age-standardized occurrence ratio per 100,000 ranges from 27 to 96 in Eastern Asia and 
Western Europe, respectively (Ferlay et al., 2015). The incidence is 26.8 per 100,000 in middle 
Africa, 30.4 in Eastern Africa, 38.6 in Western Africa, and 38.9 in Southern Africa. Genome-
wide association studies (GWAS) have revealed distinct patterns in breast cancer patients of 
African ancestry compared to European populations, which underlie various biological 
pathways involved in the pathogenesis of breast cancer (Chen et al., 2013). Vitamin D levels 
are strongly influenced by environmental living conditions in various geographical locations, 
emphasising the importance of access to care and population differences in risk factors that 
might impact public health.  
Sufficient circulating vitamin D levels activating the vitamin D receptor (VDR) may protect 
against cancer progression through regulation of cell division and apoptosis (Khammissa et 
al., 2018; Christakos et al., 2016). It was therefore suggested that optimal levels of vitamin D 
and pleiotropic effects of the VDR gene might be important in cancer prevention and survival 
outcome (Christakos et al., 2016). Strategies to optimize vitamin D levels are therefore 
important, especially in countries where cancer morbidity is increasing (Moukayed & Grant, 
2013). 
Epidemiological studies provide strong support for the role of vitamin D in increasing breast 
cancer survival outcome (Ordóñez-Mena et al. 2016;Garland et al. 2006; Tavera-Mendoza et 
al. 2017; Bandera Merchan et al. 2017). Vitamin D affects up to 5% of the human genome by 
regulating chromatin structure and gene expression. In a randomized, double-blind, single 




1.5-fold alteration in the expression of 291 genes with improved serum vitamin D 
concentrations. A significant difference in expression of 66 genes was noted between subjects 
with vitamin D levels below 20 ng/mL versus above 20 ng/mL at baseline, while gene 
expression was similar for both groups after two months of vitamin D supplementation. This 
study improved our understanding of the molecular fingerprints that explain non-skeletal 
benefits of vitamin D, which affects more than 160 genetic pathways linked to cancer, CVD 
and autoimmune disorders. Genes found to be important for DNA repair and transcriptional 
regulation include TRIM27, CD83, COPB2, YRNA and CETN3 (Hossein-Nezhad et al. 2013). 
Studies in Africa have predominantly concentrated on breast cancer as a single disease 
(Brinton et al., 2014), while next generation sequencing (NGS) defined at least 10 distinct 
molecular subtypes (Curtis et al., 2012). These include four major subtypes with different 
treatment requirements, initially discovered using microarray gene profiling (Perou et al., 
2000): Luminal A, luminal B, HER2-enriched, and basal-type. Determination of oestrogen 
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 
(HER2) status are routinely performed using immunohistochemistry (IHC) as a proxy for these 
molecular subtypes in all newly diagnosed breast cancer patients. Familial breast cancer 
cases not explained by pathogenic mutations in the two major cancer causing genes, BRCA1 
and BRCA2, and differences in survival outcome, may be explained by low to moderate 
penetrance susceptibility alleles influenced by environmental factors (Gracia-Aznarez et al., 
2013).  
More than 80% of obese postmenopausal breast cancer patients in France were found to be 
vitamin D deficient (Bouvard et al., 2012). Similarly, only 7% of postmenopausal hormone 
receptor-positive South African patients treated at Tygerberg Hospital between 2014 and 2017 
had sufficient vitamin D levels (Baatjes et al., 2019), in contrast to the majority of healthy 
individuals from the same population (Norval et al., 2016; Visser et al., 2019). Metabolic 
production and optimal vitamin D concentration in the body largely depend on the activity of 




protein, also known as the vitamin D-binding protein (DBP) (Thorne & Campbell 2008; 
Haussler et al. 2013). In a study performed by Batai et al. (2014), common vitamin D pathway 
gene variants revealed different effects on serum vitamin D levels in African Americans and 
European Americans. Replication of the phenotypic effect of six GWAS-identified single 
nucleotide variants (SNVs) confirmed the key role of GC/DBP in the vitamin D pathway across 
ethnic groups. Combining SNVs in the GC/DBP, DHCR7/NADSYN1 and CYP2R1 genes 
previously found to be associated with reduced vitamin D levels into a genotype risk score 
failed to show a significant effect on cancer risk in the Genome Health Study (Chandler et al., 
2018). This may be due to the fact that breast cancer, which developed in 1560 individuals 
among  23 294 cancer-free cases followed up for 20 years, was studied as a single disease 
despite the presence of at least four major subtypes underpinned by genetic differences. 
Conflicting findings on the relationship between vitamin D levels, genetic variation and clinical 
outcome can be ascribed to patient selection, different methods of estimating vitamin D levels, 
small sample size causing lack of statistical power, and limitations of single-gene genotyping 
methods applied. NGS is therefore used increasingly to simultaneously detect rare pathogenic 
mutations in high-risk genes and functional single nucleotide polymorphisms (SNPs) with 
minor allele frequency (MAF) greater than >1%. Detection of rare variants in moderate-risk 
genes with variable penetrance using NGS led to the term “single nucleotide variants (SNVs)” 
used in this study to describe gene variants of potential clinical significance across the 
spectrum of mutation penetrance or frequency. Interpretation challenges associated with 
variants of uncertain clinical significance (VUS) highlighted the need to take tumour pathology 
into account during variant classification. This led to development of a pathology-supported 
genetic testing (PSGT) algorithm, which confirmed the potential impact of genomic instability 
caused by dysfunction of the folate-homocysteine-methylation pathway   (van der Merwe et 
al., 2017). A similar PSGT approach to study the role of vitamin D-related genes has not 
previously been performed in South Africa, after taking BRCA1/2 mutation-status or the 




Notably, germline pathogenic mutations in the cadherin-1 (CDH1) gene activated by VDR (Peñ 
et al., 2005), are associated with invasive lobular carcinoma (ILC), but not invasive ductal 
carcinoma of no special type (ICNST) (Lopes et al., 2012). 
2.2 Structure and metabolism of vitamin D 
2.2.1 Structure 
Vitamin D is a steroid hormone that functions primarily in bone homeostasis (Atoum & 
Alzoughool, 2017). Levels of vitamin D are regulated by parathyroid hormones, and phosphate 
and calcium levels (Haarburger et al., 2009). Structural changes are considered to play an 
important role in different health conditions such as bone disease, cancer, coronary heart 
disease, dementia, infections, pregnancy, immune disorders and diabetes (Vimaleswaran et 
al., 2014; Ye et al., 2015; Pilz et al., 2013). Vitamin D exists in two forms namely vitamins D2 
(ergocholecalciferol) and D3 (cholecalciferol) as shown in Figure 2.1   
 






Figure 2.1: Structure of vitamin D2 and D3 forms (Source: chemspider.com) 
 
The former is largely produced in plants while the latter is produced in mammals (Black et al., 




contain it (Palomer et al., 2008). The majority of vitamin D3 is produced when human skin is 
irradiated by the ultraviolet component of sunlight and reacts with 7-dehydrocholesterol to form 
previtamin D3, which is subsequently converted to vitamin D3 (Wacker & Holick, 2013; Palomer 
et al., 2008). Both vitamin D2 and D3 will be referred to as vitamin D in the context of this thesis.  
2.2.2 Metabolism 
Both forms of vitamin D (D2 and D3) must be hydroxylated twice, first at position 25 in the liver 
and then at position 1 in the kidney, in order to yield the biologically active form, 1,25-
dihydroxyvitamin D. Total 25 (OH) vitamin D, the main circulating form of vitamin D, has a half-
life of approximately 2-3 weeks compared to 1,25 dihydroxyvitamin D that has a circulating 
half-life of 4-6 hours (Holick, 2009). Initiation of this cascade and binding of these metabolites 
to a carrier protein, the vitamin D binding protein (DBP), leads to the activation of the vitamin 
D receptor (VDR) in target organs such as skin, lungs, breast, intestine and prostate   
(Yousefzadeh et al., 2014; Bikle, 2014). Some cytochrome P450 mixed-function oxidases 
(CYPs) are important in vitamin D metabolism (Bikle, 2014), including cytochrome P450 family 
2 subfamily R member 1 (CYP2R1), cytochrome P450 family 24 sub family A member 1 
(CYP24A1) and cytochrome P450 family 27 subfamily B member 1 (CYP27B1).  
2.3 Genes involved in vitamin D metabolism and signalling 
2.3.1 The vitamin D binding protein  
The DBP also known as a group-specific component (GC), is a polymorphic serum 
glycoprotein with several functions. In addition to the role in vitamin D transportation, DBP is 
an important regulator of vitamin D activity (Amadori et al., 2017). Based on the structure 
obtained from X-ray crystallography, DBP is composed of three domains: the first domain  is 
made up of 10 α-helices, the second domain is similar to the first domain except for the 
replacement of  a coil with helix 7, and the last domain is made up of only 4 helices (Rochel & 




Due to its relative stability, a higher percentage of circulating vitamin D are bound to these 
binding proteins (Yousefzadeh et al., 2014). However, some physiological factors such as: 
race, genetic polymorphisms, age and gender, obesity, pregnancy and oestrogen as well as 
pathologies such as liver disease, renal disease, diabetes, primary hyperparathyroidism, 
cancer, human immunodeficiency virus (HIV) and acute inflammation can affect DBP and 
binding affinity of the circulating vitamin D. DBP/GC gene variants including rs4588, rs7041, 
rs16846876, rs2282679, rs12512631, rs17467825, and rs842999 have been found to be 
associated with reduced vitamin D serum levels. Studies in different populations have 
confirmed the gene effect across ethnic groups (Nissen et al., 2014). 
2.3.2 Cytochrome P450 family 2 subfamily R member 1 
Cytochrome P450 family 2 subfamily R member 1 (CYP2R1) is responsible for the first 
hydroxylation in the vitamin D activation pathway. Genetic variation in the CYP2R1 gene may 
result in vitamin D deficiency. From different population studies, CYP2R1 variants (rs1562902, 
rs7116978, rs12794714, rs10741657, and rs10766197) were found to be positively associated 
with serum vitamin D concentrations (Nissen et al., 2014). 
2.3.3 Cytochrome P450 family 24 subfamily A member 1 
Cytochrome P450 family 24 subfamily A member 1 (CYP24A1) and family 27 subfamily B 
member 1  (CYP27B1) are the two major enzymes involved in vitamin D metabolism (Srilatha 
Swami, Krishnan, & Feldman, 2011). CYP24A1 catalyzes the conversion of 25-hydroxyvitamin 
D and 1,25-dihydroxyvitamin D into 24-hydroxyvitamin D, the degraded vitamin D molecule in 
the target tissues (Jones et al.,  2012; Swami et al., 2011). It regulates vitamin D concentration 
and clearance of its inactive form (24-hydroxyvitamin) (Jones et al., 2012; Nissen et al., 2014). 
CYP24A1 variants (rs6013897 and rs17217119) have been suggested to have an association 




2.3.4 Cytochrome P450 family 27 subfamily B member 1 
CYP27B1 is involved in the hydroxylation of the second step in vitamin D activation pathway. 
CYP27B1 variants rs10877012, rs4646536 and rs703842 are associated with vitamin D levels 
in some population groups or disease conditions, but not in others. For example, the T allele 
of variant rs10877012   was shown to be associated with low serum vitamin D levels in African 
Americans, but not in Caucasians (Signorello et al., 2011). The C allele of rs703842 and T 
alleles of rs10877012 and rs4646536 found to be in linkage disequilibrium, were associated 
with decreased vitamin D levels in Canadian multiple sclerosis patients and the Han Chinese 
population (Jiang et al., 2016; Zhuang et al., 2015).  
2.3.5 The vitamin D receptor  
Vitamin D receptor (VDR) protein is a member of the nuclear receptor superfamily, which plays 
a significant part in the biological actions of vitamin D (Wang et al., 2012). It functions primarily 
as a transcriptional activator of many genes that are expressed in most human tissues, normal 
breast and breast cancer inclusive (Haussler et al. 2013; Krishnan & Feldman, 2011). VDR 
undergoes a conformational change when vitamin D binds to it that enables it to bind to retinoid 
X receptor  (RXR) and form heterodimer that reacts with vitamin D-responsive elements in the 
promoter region of target genes and modify their expression (Mackawy et al. 2014). Strauss 
(2014) postulated a membrane VDR (mVDR) existence and suggested its receptiveness for 
vitamin D effects that do not involve gene expression such as activation of protein kinase as 
well as a rise in intracellular calcium and cGMP levels (Strauss, 2014).  The most frequently 
studied variants of VDR are located at the 3’ end of the gene, including rs7975232 (ApaI), 
rs1544410 (BsmI), rs2228570 (FokI), and rs731236 (TaqI)  (Uitterlinden et al., 2004). The 
allele frequencies of these and other variants in the VDR gene may differ between populations 
and their effects on the vitamin D endocrine system, gene regulation  or protein structure 
remains uncertain in relation to complex conditions and traits, such as osteoporosis and 
vitamin D deficiency (Uitterlinden et al., 2004). VDR has also been implicated in the regulatory 




epigenome to determine the root cause of population risk (Andraos et al., 2011), which proved 
to be an imperfect proxy for targeting multiple environmental and genetic factors involved in 
disease development and progression or response to treatment (Collins, 2004). Table 2.1 
provides a summary of commonly studied variants in vitamin D-related genes. 
Table 2.1: Vitamin D-related genes and variants previously studied in relation to functional 
effects on gene regulation and protein function 
CYP2R1: cytochrome P450 family 2 subfamily R member 1; CYP24A1: cytochrome P450 family 24 subfamily A member 1; 
DBP: vitamin D binding protein; VDR: vitamin D receptor; CYP27B1: cytochrome P450 family 27 subfamily B member 1; N/A: 
not applicable 
 
2.4 Vitamin D and epigenetics 
Epigenetics is defined as a process that modifies gene action without altering the DNA 
sequence (Fetahu et al., 2014). Vitamin D activation of VDR in metabolic activities controls 
epigenetic mechanisms (Karlic & Varga, 2011) to the extent that dysregulation can lead to the 
development of cancer and related conditions. Epigenetic processes involved in the regulation 
of gene expression includes DNA methylation and covalent modification of histones by 
methylation, with DNA methylation identified as a major epigenetic factor influencing gene 
expression (Moore et al., 2013).  
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The enzymes DNA methyl transferases and ten-eleven translocation proteins enable changes 
in DNA methylation, while acetyltransferases, deacetylases, methyl transferases, and 
demethylases regulate covalent histone modifications (Moore et al., 2013). DNA methylation 
only occurs at the cytosine residue and can change the functional state of regulatory regions, 
by not base pairing of cytosine conferring epigenetic marks on specific sites (Schübeler, 2015).  
It is involved in different forms of stable epigenetic repression  include X chromosome 
inactivation, imprinting and silencing of repetitive DNA (Jones, 2012). The discovery of the 
VDR highlighted the important role of vitamin D in gene regulation (Fetahu et al., 2014). 
Therefore, vitamin D may play a significant role in regulating epigenetic events in preventing 
and / or treating tumorigenesis and chronic diseases (Fetahu et al., 2014).  
2.5 Laboratory testing of vitamin D 
The standard method for vitamin D analysis is liquid chromatography-tandem mass 
spectrometry (LC-MS/MS), however most laboratories use immunoassay (Avenell et al., 
2019). The difficulty with harmonizing LC-MS/MS and immunoassay is a major obstacle 
affecting the standardization of vitamin D determination (Fraser & Milan, 2013). Also, there is 
no agreement yet regards to  the optimal serum vitamin D levels for better health and the 
acceptable level of deficiency is also being debated (Anandabaskar et al., 2018). Based on its 
measurement for healthy bone maintenance, the United States Endocrine Society has 
classified vitamin D levels into 3 categories using the following cut-offs: deficient: <20 ng/mL, 
insufficient: 21-29 ng/mL and sufficient: ≥30 ng/mL (Holick, 2009). However, the cut-off points 
of the Institute of Medicine classified vitamin D levels are deficient <12 ng/mL, insufficient 12-
20 ng/mL and sufficient >20 ng/mL. However, we adopted the United States Endocrine Society 
classification system for this study because it is universally accepted. A detailed population 
study of the genetics of vitamin D levels in association with specific disease may help us 




2.6 Factors affecting vitamin D levels 
Vitamin D levels are affected by age (Atoum & Alzoughool, 2017), gender, pigment genes 
(Datta et al., 2019), latitude and environmental factors such as seasonal changes, BMI, 
physical activity, smoking and alcohol consumption (Shi et al., 2014).  Engelman et al (2008) 
reported increased vitamin D serum levels in Hispanics from San Luis Valley and decreased 
serum levels in Hispanics from San Antonio and in African Americans from Los Angeles 
(Engelman et al., 2008). The observed higher vitamin D levels in the Hispanics in San Luis 
Valley when compared with those in the San Antonio were ascribed to more European 
ancestry and less African ancestry in this Hispanic population (Engelman et al., 2008). Yao et 
al (2017) also compared serum levels of vitamin D and DBP among a cohort of African 
Americans and European Americans, to identify determinants of vitamin D concentrations 
(Yao et al., 2017). They reported that African American women have lower serum vitamin D 
levels than European American women, however, both groups have similar DBP 
concentrations (Yao et al., 2017).  
 
The skin pigment in humans is determined by the amount, type, and distribution of melanin, 
which varies in human populations and is of importance in vitamin D synthesis  (Parra, 2007). 
Low vitamin D levels observed among darker-skinned populations are related to variation in 
pigment genes (Datta et al., 2019). With careful data interpretation, pigment genes may 
explain the diversity of many human traits (Parra, 2007). Table 2.2 shows a list of pigment 
genes that have previously been studied. Encouragement to shift the focus from classification 
of populations based on ethnicity and race to inherent genetic individuality for effective 
optimization of medication in individual patients has led to the suggestion of developing a 
panel of “ancestry-informative” markers that classify and provide detailed information about 





Table 2.2: Summary of pigment genes and common genetic variants associated with vitamin D 
levels 





Pigment genes not skin 
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induced vitamin D 






C (40) Denmark  
Human pigmentation, cutaneous 
vitamin D synthesis and 
evolution: Variants of Genes 
Involved in Skin Pigmentation 
Are Associated with 25(OH)D 
Serum Concentration 
(Rossberg et al., 2016) 
ATP7A, DTNBP1, 
BLOC1S5, PLDN, PMEL, 
RAB27A, MYO5A, MLPH, 
MC1R (rs1805007, 
rs1805008), MITF, PAX3, 





A Closer look at evolution: 
Variants of Genes Involved in 
Skin Pigmentation, Including 
EXOC2, TYR, TYRP1, and 
DCT, Are Associated with 
Vitamin D Serum Concentration 
(Saternus et al., 2015) 







Genetic Ancestry, Skin 
Reflectance and Pigmentation 
Genotypes in Association with 
Serum Vitamin D Metabolite 
Balance 
(Wilson et al., 2011) 





A polymorphism in IRF4 affects 
human pigmentation through a 
tyrosinase-dependent 
MITF/TFAP2A pathway  
(Praetorius et al., 2013) 
IRF4 (rs12203592) 
Not provided Not provided 
A global view of the OCA2-
HERC2 region and pigmentation 
(Donnelly et al., 2012) 
OCA2 (rs7495174) 
Case (3432) Global 
 
Sufficient circulating vitamin D levels may protect against cancer through the regulation of cell 
division and apoptosis (Fourie et al., 2018).  One possible reason for inconsistent study results 
may include different assays used for serum vitamin D estimation. Environmental factors such 




degrees of exposure to sunlight due to seasonal changes that differ among populations are 
also important contributing factors (Spiro & Buttriss, 2014).  The use of Mendelian 
randomization studies to determine the role of genetic variation was inconsistent. Little 
evidence was provided that a vitamin D multi-polymorphism score increased the risk of seven 
forms of cancer, with an odds ratio of 0.89 (95% confidence interval 0.77 to1.02) for breast 
cancer per 25 nmol/L increase in genetically determined vitamin D levels (Dimitrakopoulou et 
al., 2017). Another study reported no evidence to support an association between vitamin D 
and risk of breast cancer with an odds ratio of 1.02 (95% confidence interval: 0.97-1.08) per 
25 nmol/L increase (Jiang et al., 2018). 
 
2.8 Cancer and global trends  
Vitamin D levels may influence cancer development, progression, survival outcome and drug 
response. Therefore, an in-depth understanding of all these aspects is important. Cancer can 
be defined as a disease of abnormal cell growth when compared with the usual normal cell 
division (Huang, et al., 2018). The most common global causes for cancer-related death are 
lung, colorectal, stomach, liver and breast cancers (Ferlay et al., 2018). It is now a common 
disease in both developed and developing countries. Aging, obesity, physical inactivity, 
smoking, use of hormone replacement therapy (HRT), infection, radiation and chemical 
exposure, increase the incidence of cancer globally (Golemis et al., 2018).  
 
2.8.1 Breast cancer 
Breast cancer poses a great challenge to health, being the leading cancer among women 
worldwide (Bray et al., 2018). It has been reported to be on the increase in the Sub-Saharan 
Africa including Nigeria and South Africa, with survival rates much poorer than those in 
developed countries (Farmer et al., 2010). Breast cancer is a heterogeneous disease which 




individual’s tumour (intratumour heterogeneity) (Turashvili & Brogi, 2017). However, initial 
studies in Africa concentrated on breast cancer as a single disease (Brinton et al., 2014). 
Treatment as a single disease and presentation with the advanced stage of the disease makes 
survival very low on this continent (Ogunkorode et al., 2017). The primary factors responsible 
for the late presentations are lack of awareness, misconceptions about breast cancer causes, 
and treatment outcomes (Ogunkorode et al., 2017). Younger age at presentation is also 
thought to contribute to higher mortality rates (Newman, 2015). 
2.8.2 Breast cancer risk factors 
Generally, the risk factors that are associated with breast cancer are: gender, aging, family 
history, gene mutations, reproductive factors, oestrogen exposure and lifestyle factors (Feng 
et al., 2018; Sun et al., 2017; Kamińska et al., 2015). Being female is a key risk factor for 
breast cancer (Feng et al., 2018) with a lower occurrence in males (Greif et al., 2012; Miao et 
al., 2011). Early menarche, late menopause, late age-at-first pregnancy and low parity are 
factors that can increase the breast cancer risk (Sun et al., 2017). Studies have reported 
increased breast cancer risk by up to 3% in delayed menopause (Surakasula et al., 2014; 
Matthew Stenger, 2013), while additional births or delayed  menarche decrease breast cancer 
risk (Sun et al., 2017). 
 
Oestrogen, either endogenous or exogenous, is an important risk factor for breast cancer 
development (Sun et al., 2017). Increased endogenous oestrogen levels have been strongly 
associated with increased risk of breast cancer in postmenopausal women (Key et al., 2002), 
whereas it is associated with reduced breast cancer risk in premenopausal women (Health, 
2013). The source of exogenous oestrogen is mainly through HRT, usually for 
postmenopausal women (Sun et al., 2017). The use of HRT has been shown to increase 
breast cancer risk as reported by The Million Women study in the United Kingdom (UK) (Beral 





There has been a growing number of reports that regular physical activity in postmenopausal 
women may reduce the risk of breast cancer (Niehoff et al., 2019; Feng et al., 2018). Possible 
reasons could be because activity levels affect body weight, inflammation, hormones, and 
energy balance (Feng et al., 2018). Lifestyle factors such as excessive alcohol (Jung et al., 
2016), significant overweight or obesity (Feng et al., 2018), and smoking (Makarem et al., 
2013) also increase the risk of breast cancer. However, there are controversies regarding 
dietary fat intake (Makarem et al., 2013; Kotepui, 2016). Khodarahmi and Azadbakht (2014) 
based their study on the categorization of fats into saturated and unsaturated, suggested that 
consumption of unsaturated fatty acids and reduction of saturated fatty acids may be beneficial 
to reduce breast cancer risk (Khodarahmi & Azadbakht, 2014).  Although fat tissues produce 
some small additional amount of oestrogen, the ovaries produce amounts that are sufficient 
during the premenopausal phase (Sun et al., 2017; Kamińska et al., 2015). At the 
postmenopausal phase, the ovaries cease to produce oestrogen so fat tissues take over its 
production (Feng et al., 2018). Being overweight or obese is also associated with increased 
circulating insulin levels which are linked to cancers, breast cancer inclusive (Feng et al., 





Figure 2.2: Cancer related molecular mechanisms driven by obesity are associated with elevated 
aromatase expression mediated partly by increased levels of prostaglandin and TNF-α. Adapted 
from: Molecular mechanisms of the preventable causes of cancer in the United States  




Family history is also a significant risk factor for breast cancer (Brewer et al., 2017; Sun et al., 
2017). A UK study including more than 100,000 participants reported that women with one 
first-degree relative with breast cancer had a 1.75-fold increased risk of developing this 
disease. Furthermore, the risk increased 2.5-fold  in women with two or more first-degree 
relatives with breast cancer (Brewer et al., 2017). 
 
Generally, about 25% of breast cancer cases are hereditary (Balmaña et al., 2011). BRCA1 
and BRCA2 alongside TP53, PTEN, STK11 and CDH1 being classified as high penetrance 
genes (Han et al., 2017; Shiovitz & Korde, 2015). Patients with pathogenic mutations in these 
gene have an 40-80% lifetime risk of breast cancer (Han et al., 2017). Also, moderate-
penetrance mutations in the CHEK2, ATM, BRIP1, PALB2, RAD51C, and RAD50 genes have 
been identified as a cause or contributing factor for breast cancer development (Han et al., 
2017; Shiovitz & Korde, 2015). Table 2.3 shows the summary of well-established genes 
associated with breast cancer. 
 
Table 2.3: Summary of genetic abnormalities previously associated with familial breast cancer 
Gene Location Genetic risk Abnormality in breast 
cancer 
References 
BRCA1 17q21.31 Increased breast 
cancer risk 
Cell cycle checkpoint 
dysregulation, abnormal 
duplication of centrosome, 
genetic irregularity and finally 
cell death 
(Sun et al., 2017) 
(Dine & Deng, 2013) 
BRCA2 13q13.1 Increased breast 
cancer risk 
Invasive ductal carcinomas of 
no special type, showing a 
luminal phenotype 
(Sun et al., 2017) 
(Bane et al., 2007) 
TP53 17p13.1 Increased risk of 
several forms of 
cancers, including 
breast cancer 
Li-Fraumeni syndrome and 
subsequently an increased 
susceptibility in developing 
breast cancer in about 30% of 
carriers 
(Frey et al., 2017) 
(Damineni et al., 2014) 
PTEN 10q23.31 Risk of 
developing breast 
cancer 
Cowden syndrome, presenting 
with hamartomas and benign 
tumours, macrocephaly, high-
flow vascular malformations, 
and plantar keratosis 
(Feng et al., 2018) 
(Sun et al., 2017) 




Gene Location Genetic risk Abnormality in breast 
cancer 
References 
STK11 19p13.3 Increased risks of 




presenting with small bowel 
hamartomas and skin 
discoloration in buccal mucosa, 
lips, fingers and toes 
(Feng et al., 2018) 
(Frey et al., 2017) 
CDH1 16q22.1 Hereditary diffuse 
gastric cancer 
with an increased 
risk of invasive 
lobular breast 
carcinoma 
Specifically associated with 
invasive lobular carcinoma 
(Feng et al., 2018) 
(Sun et al., 2017) 
CHEK2 22q12.1 Increased breast 
cancer risk 
Inability to repair DNA or 
undergo cell cycle arrest in 
response to damage 
(Feng et al., 2018) 
(Frey et al., 2017) 
ATM 11q22.3 Increased breast 
cancer risk 
Inability to suspend cell division 
and initiate DNA repair 
(Sun et al., 2017) 
(Frey et al., 2017) 
BRIP1 17q23.2 Increased breast 
cancer risk 
Inability to repair DNA (Frey et al., 2017) 
PALB2 16p12.2 Increased breast 
cancer risk 
Fanconi’s anaemia, presenting 
with bone marrow failure, 
developmental anomalies, and 
hereditary breast cancer 
development 
(Feng et al., 2018) 
(Frey et al., 2017) 
RAD50 5q31.1 Increased breast 
cancer risk 
Inability to respond to double 
strand breaks in DNA and to 
initiate DNA repair mechanisms 
(Frey et al., 2017) 
RAD51C 17q22 Increased breast 
cancer risk 
Inability to produce proteins 
involved in DNA recombination 
repair 
(Frey et al., 2017) 
 
The development of advanced laboratory techniques has led to improved sequencing 
capabilities to identify moderate to low penetrance genes with genetic variants that may 
contribute to breast cancer risk, prognosis and response to treatment in a polygenic manner 
(Shiovitz & Korde, 2015). Common genetic variants are often used to evaluate genetic 
variability (Shiovitz & Korde, 2015) and may be population-specific, implying a role in a large 
proportion of that population as a whole, compared to the high impact of high-penetrance 
mutations in a relatively small number of patients at the family / individual level (Weber & 




cytochrome P450 superfamily; CYP1A1, CYP17, GSTs (Glutathione S-transferases) and 
NAT2 (N-acetyl transferase 2) (Sillanpaa, 2007; Weber & Nathanson, 2000). Low penetrance 
genes associated with vitamin D metabolism and signalling include VDR, CYP27B1, 
CYP24A1, GC and DHCR7 (Lopes et al., 2010; Nissen et al., 2014). 
2.8.3 Breast cancer classification 
Breast cancer can be classified into three different types based on pathology, invasiveness 
and prevalence (Feng et al., 2018). On a pathological basis, breast cancer can start from 
different areas of the breast like the ducts, the lobules, or the tissue in between. Hence, it can 
either be carcinomas or sarcomas (Feng et al., 2018). The former is more frequent and based 
on its invasiveness, and can be grouped into non-invasive (or in situ) and invasive (Malhotra 
et al., 2010). Based on growth patterns and cytological features, non-invasive carcinoma has 
been further categorized as either ductal or lobular carcinoma (Malhotra et al., 2010). 
2.8.3.1 Non-invasive carcinomas 
Ductal carcinoma in situ (DCIS) is expressed as an abnormal growth in the breast epithelial 
cells but is still intact in the ducts and lobules (Allred, 2010). DCIS is more frequent than LCIS 
and can be categorized into 5 distinct subtypes based on the features expressed by the 
tumour, namely comedo, cribiform, micropapillary, papillary and solid. DCIS tumours express 
mixed features of these subtypes (Makki, 2015). According to their morphology, DCIS is 
generally divided into low-grade (Lakhani et al., 2012), intermediate-grade (Makki, 2015; 
Tavassoli & Devilee, 2003) and high-grade (Makki, 2015; Tavassoli Fattaneh & Devilee, 2003). 
Limitation of this classification is its inability to utilize/incorporate confirmed molecular markers 
for prognostic importance (Malhotra et al., 2010; Allred, 2010). 
 
Lobular carcinoma in situ (LCIS) is the multiplication of small, fairly uniform and loosely 
cohesive cells within the breast lobules with or without involvement of terminal ducts (Makki, 
2015). Over a period of time, women with LCIS have  a high risk of developing invasive 




commonly found incidentally in breast specimens taken for other reasons. About 70% of cases 
are multicentric while approximately 30%–40% are bilateral (Rosai & Ackerman, 2011). It is 
usually presented as round, small-to-medium sized cells with normochromatic nuclei that filled 
lobules in a non-cohesive pattern, changes such as pleomorphism, mitosis, and necrosis are 
absent, intracellular mucin droplets are seen occasionally having signet ring nuclei (Makki, 
2015; Hanby & Hughes, 2008). While LCIS lacks immunohistochemical markers; E-cadherin, 
β-catenin expressions and the positivity for high molecular weight (HMW) keratin (Mastracci 
et al., 2005), DCIS is positive for E-cadherin and β-catenin and expresses a low or no high 
molecular weight (HMW) keratin (Makki, 2015). 
2.8.3.2  Invasive carcinomas 
Based on histological features, carcinomas have been classified as invasive/infiltrating ductal, 
invasive lobular, ductal/lobular, mucinous (colloid), tubular, medullary and papillary 
carcinomas (Malhotra et al., 2010). Invasive ductal carcinoma (IDC) is the most common 
subtype accounting for 70–80% of all invasive lesions (Li et al., 2005). About 75% of IDC lack 
morphological features to be classified as specific histological types and are referred to as 
otherwise specified. The term “no special type” (NST) has been internationally accepted to 
differentiate it from specific-type tumours (Lakhani et al., 2012).  
 
Invasive lobular carcinoma (ILC) is the second most common histologic subtype, it accounts 
for about 10% of all breast cancers (Barroso-Sousa & Metzger-Filho, 2016); (Li et al., 2003). 
It is different from the most common subtype, IDC with respect to epidemiology, molecular 
alterations, clinicopathology and natural history (Rakha & Ellis., 2010). The occurrence of ILC 
is on the increase, mostly in postmenopausal women, which may likely be associated with 
HRT  (Makki, 2015; Tavassoli & Devilee, 2003). The cause of non-cohesive characteristics in 
ILCs is due to lack of E-cadherin expression which is responsible for cell–cell adhesion 
properties (Barroso-Sousa & Metzger-Filho, 2016). About 90% of ILCs lack E-cadherin protein 




Filho, 2016; Makki, 2015). E-cadherin deregulation is driven by genomic alterations (Rosai & 
Ackerman, 2011) that target the CDH1 gene (Barroso-Sousa & Metzger-Filho, 2016); Makki, 
2015; McCart Reed et al., 2015). 
 
Unlike non-invasive carcinomas, molecular biomarkers ER, PR and HER2 are incorporated in 
classification of invasive carcinomas (Malhotra et al., 2010). The use of these biomarkers 
demonstrates their importance in making relevant important clinical decisions (Turashvili & 
Brogi, 2017; Karen et al., 2010). The status of these markers is beneficial in determining which 
patients are most likely to respond to targeted therapies such as tamoxifen or aromatase 
inhibitors for hormone receptor-positive and trastuzumab or lapatinib for HER2-positive breast 
cancer (Makki, 2015; Rakha et al., 2010). 
 
2.8.4 Molecular classification of breast cancer subtypes 
Due to breast cancer heterogeneity researchers have studied the molecular structure for a 
better understanding to improve treatment strategies (Feng et al., 2018; Makki, 2015). Perou 
and colleagues (2000), on the basis of similarities in gene expression profiles with the aid of 
microarray technology, classified breast cancer into four major subtypes as luminal A, luminal 
B, HER2-enriched, and basal-like (Perou et al., 2000). The fifth “normal breast–like” category 
has not been reproducibly defined (Allison, 2012). The four major subtypes (Table 2.4), initially 
discovered by gene-expression profiling, were confirmed to be valid entities when other 
platforms such as genomic DNA copy number arrays, DNA methylation, exome sequencing, 
microRNA sequencing, and reverse phase protein assays were used in comparative studies 





Table 2.4: Tumour characteristics of breast cancer subtypes and treatment options 
 
 
It is important to know that the HER2-enriched molecular subtype is not synonymous with 
clinically HER2-positive breast cancer. While about 50% of clinical HER2-positive breast 
cancers are HER2-enriched, the remaining 50% can include any molecular subtype, but are 
mostly HER2-positive luminal A or B subtypes. About 30% of HER2-enriched tumours are 
clinically HER2 negative. The basal subtype overlaps largely with triple negative breast cancer 
(TNBC) found to be more common in younger women (<40 years) with BRCA1 gene mutations 
(Feng et al., 2018).  
2.9 Vitamin D and breast cancer risk 
Studies on the risk implications of vitamin D deficiency should be based on the understanding 
that breast cancer is a heterogeneous disease consisting of different subtypes requiring 
specific treatment strategies. A recent systematic review on the impact of serum vitamin D 
levels on receptor status identified an increased risk for TNBC, hence routine screening should 
be implemented for early detection of vitamin D deficiency focused on further studies to 
confirm if the association is causative (Tommie et al., 2018). A hospital-based case–control 
study furthermore reported a reduced risk of breast cancer in premenopausal women with 
Subtypes Prevalence Descriptions Treatment and Prognosis   
Luminal A 40% ER+ and/or PR+, 
HER2- and low 
Ki-67 
Good prognosis, typically treated with 
hormonal therapy 
Luminal B <20% ER+ and/or PR+, 
HER2+ or HER2-, 
high Ki-67 
Slightly worse prognosis, requires addition of 
chemotherapy to endocrine treatment 
HER2-
enriched 
10-15% ER-, PR-, and 
HER2+ 
Poor prognosis, successfully treated with 
targeted therapies including Herceptin 
(trastuzumab), Perjeta (pertuzumab), Tykerb 




~20% ER-, PR-, and 
HER2- 
Chemotherapy, PARP inhibitors (e.g. 
olaparib) 
Normal-like ~5% ER+ and/or PR+, 
HER2- and low 
Ki-67 




higher vitamin D levels, which proposes that vitamin D supplementation possibly will be 
beneficial to reduce breast cancer risk (Yao et al., 2011).  
2.10 Vitamin D and breast cancer subtypes 
Low vitamin D levels are common in postmenopausal breast cancer patients at diagnosis 
(Machado et al., 2019; Hatse et al., 2012),  with increased breast cancer survival rates 
associated with vitamin D supplementation (Madden et al., 2018). A Korean study reported 
that vitamin D deficiency correlated with poor outcomes in patients with luminal A and luminal 
B breast cancer (Kim et al. 2011). Conversely this association was not found in patients with 
TNBC or the HER2-enriched subtype.  Park and colleagues (2015) reported the strongest 
association between TNBC and low serum vitamin D levels (Park et al., 2015), which agrees 
with previous studies (Abbas et al 2009; Bertone-Johnson et al 2005). Reports from South 
Africa and Namibia revealed a relatively large percentage of women  with ER-positive tumours 
(Dickens et al., 2014). Studies performed in West and Central Africa revealed that breast 
cancer occurs at younger ages and usually presents with aggressive features, such as high-
grade, advanced stage and triple-negative phenotype (negative for ER, PR and HER2) 
(Brinton et al., 2014). However, in Southern and Eastern African countries, hormone receptor-
negative tumours account for a lower proportion of all breast cancers (Hadgu et al., 2018; 
Joffe et al., 2018). In Ethiopia, luminal A breast cancer was found to be the most common 
subtype based on the following distribution: 40% luminal A, 26% luminal B, 10% HER2-
enriched and 23% TNBC (Hadgu et al., 2018). Differences in the distribution of molecular 
subtypes of breast cancer in Africa were attributed to geographic factors, which among other 
factors have led to difficulty in treatment of breast cancer on the African continent.  
With these varying outcomes, a better understanding of the clinical relevance of variants 
identified by NGS, ranging from low- to moderate- and high-penetrance mutations, is of utmost 




2.11 Vitamin D and breast cancer treatment 
Compared to BRCA2, BRCA1-related tumours predominantly associated with TNBC exhibit 
lower levels of nuclear VDR. At present aromatase inhibitors are the most effective treatment 
for endocrine-responsive breast cancers in postmenopausal women. Anastrozole, letrozole 
and exemestane have greater effectiveness in treating hormone-responsive postmenopausal 
breast cancers (Dixon, 2014). Randomized clinical trials also corroborate that these 
aromatase inhibitors are more effective than tamoxifen (Haque et al., 2012) and may possibly 
be effective in tamoxifen-resistant advanced breast cancer. Nevertheless, breast cancer 
treatment with aromatase inhibitors accelerates bone loss by reducing circulating levels of 
oestrogen (Ingle et al., 2010). Aromatase inhibitors may induce hypoestrogenaemia, thereby 
increasing the potential for osteoporosis in the postmenopausal population already at 
increased risk due to advanced age. Women with breast cancer may be at greater risk of 
osteoporosis, a phenomenon that may be related to genetic factors common to both diseases. 
The adverse side-effects of aromatase inhibitors may affect compliance to treatment and 
thereby reduce its efficacy (Reid et al., 2008; Aapro & Coleman, 2012).  
 
To reduce the side effects and increase treatment efficacy, Prieto-Alhambra et al (2011) 
proposed that vitamin D supplementation can protect against the effect of bone loss among 
patients on aromatase inhibitors (Prieto-Alhambra et al., 2011). Although outcomes from 
randomized controlled trials of vitamin D supplementation have been inconclusive for various 
diseases, some studies reported an advantage of supplementation (Sperati et al., 2013; 
Redaniel et al., 2014). Other randomized clinical studies did not observe any statistically 
significant difference (Barbarawi et al., 2019; Manson et al., 2019; Pittas et al., 2019). Vitamin 
D regulates aromatase secretion in bone and enables increased production of aromatase 
mRNA (Yanase et al., 2003), as supported by in vitro and in vivo studies (Krishnan et al., 2010; 
Swami et al., 2011).  The finding that reduced levels of vitamin D may be more tolerable in 




et al., 2018), may be due to differential effects on VDR expression influenced by both 
environmental and genetic risk factors (Signorello et al., 2011). 
Calcium and vitamin D supplementation form an important aspect of the clinical pipeline 
developed by Baatjes et al. (2017) for clinical management of hormone receptor-positive 
postmenopausal South African breast cancer patients at increased risk for osteoporosis. The 
PSGT approach applied in this pharmacogenetics study incorporating advanced WES for 
selection of clinically relevant SNVs, supported the research translation process shown in 
Figure 2.3. Further studies are warranted to identify causal factors of vitamin D deficiency that 
may be targeted towards prevention of osteoporosis as a major co-morbidity of aromatase 





Figure 2.3: Utilisation of a pathology-supported genetic testing platform for incorporation of 
research-generated whole exome sequencing results into an adaptable patient report compiled 






2.12 Vitamin D-related genes and breast cancer 
Several genes control the vitamin D pathway, therefore common genetic variants may play a 
role in the differences in vitamin D status among individuals and populations. From a GWAS 
study, determination of the influence of vitamin D pathway SNVs may add to the identification 
of more reliable variants of clinical significance that may serve as drug targets (Berry & 
Hyppönen, 2011). Lu and colleagues (2012) examined 6 common variants in 4 genes (GC-
rs4588, rs7041, rs2282679, rs1155563; NADSYN/DHCR7-rs3829251, rs1790349; CYP2R1-
rs2060793) in a population-based cohort of 3,210 mixed Chinese Han population from Beijing 
and Shanghai. They observed different genetic variants which might be linked to serum 
vitamin D levels and concluded that the GC and NADSYN1/DHCR7 loci individually and 
collectively are associated with variation in plasma vitamin D levels in Chinese Han. This study 
showed that diverse genetic backgrounds might exist between these two subpopulations (Lu 
et al., 2012). Zhang and colleagues (2013) also investigated the genetic variants affecting 
vitamin D levels in a Chinese population. They selected 96 common variants in 15 genes that 
regulate the vitamin D metabolic pathway in 2,897 healthy Chinese subjects from Shanghai. 
Their findings identified genetic variation in CYP2R1, GC, and DHCR7/NADSYN1 as potential 
contributors to the variation in serum vitamin D levels in this population. Table 2.5 summarizes 
several studies conducted on vitamin D-related SNVs associated with breast cancer subtypes 
in different populations. The VDR gene   implicated in bone metastasis of breast cancer (Jeon 
& Shin, 2018), was also strongly implicated in osteoporosis risk (Table 2.6). An in-depth 
understanding of the genetic determinants of vitamin D status may benefit targeted treatment 
interventions (Signorello et al., 2011).  In this context, PSGT incorporating WES proved 







Table 2.5: Summary of vitamin D-related variants studied extensively in relation to breast cancer risk 
Title of the study Ethnicity  Aim Design Genes/SNVs studied Reference 
Genetic variation in vitamin D-
related genes and risk of breast 
cancer among women of European 





Investigated associations of vitamin 
D-related polymorphisms (GC and 
VDR) and breast cancer risk and 
potential interactions with 







and rs2239186), GC 
(rs7041). 
(J. Shi et al., 2016) 
Association between the BsmI 
Polymorphism in the Vitamin D 
Receptor Gene and Breast Cancer 
Risk: Results from a Pakistani 
Case- Control Study 
Pakistani women 
(Asian) 
Investigated the possible contribution 
of SNVs rs1544410 (BsmI) and 




BsmI, FokI (Usman Rashid et 
al., 2015) 
Vitamin D receptor gene 
polymorphisms and breast cancer 




To investigate the role of VDR 
polymorphisms BsmI (rs1544410), 
ApaI (rs7975232), TaqI (rs731236), 
and FokI (rs 10735810) in 
pathogenesis of breast cancer. 
Case/control 
130/100 
BsmI, ApaI, FokI and 
TaqI 
(Abd-Elkader Abd-
Elsalam et al., 
2015) 
Single-Nucleotide Polymorphisms 
in Vitamin D–Related Genes May 
Modify Vitamin D–Breast Cancer 
Associations 
United States or 
Puerto Rico 
residents 
Examined effect modification by 
SNPs in vitamin D–related genes 
(CYP24A1, CYP27B1, CYP2R1, GC, 







(O’brien et al., 
2017) 
Association between vitamin D 
receptor gene Cdx2 polymorphism 
and breast cancer susceptibility- A 
meta-analysis of four case/control 
studies 
Caucasian, 
Asian, and African 
Estimation of the association 
between VDR Cdx2 polymorphism 
and breast cancer susceptibility. 
Case/control 
(3841/5039) 
VDR Cdx2 (Zhou et al., 2013) 
Vitamin D Receptor Cdx-2 
Polymorphism and Premenopausal 




Examined the association between 
VDR-Cdx2 polymorphism and breast 
cancer in premenopausal females. 
Case/control 
103/161 





Association between Vitamin D 
receptor (Cdx2, Fok1, Bsm1, Apa1, 
Bgl1, Taq1, and Poly (A)) gene 
polymorphism and breast cancer: A 







Examined the relationship between 






Poly (A), Cdx2, Bgl1, 
Taq1 
(Mehir un Nisa 
Iqbal and Taseer 
Ahmed Khan, 
2017) 
Vitamin D-related gene 
polymorphisms, plasma 25-
hydroxyvitamin D, and breast 
cancer risk 
Caucasian, 
African and Other 
Examined the associations between 
vitamin D-related genetic 
polymorphisms (CYP27B1, VDR, 
CYP24A1 and GC) plasma 25-









(Reimers et al., 
2015) 
Association of low penetrance 
vitamin D receptor Tru9I (rs757343) 
gene polymorphism with risk of 
premenopausal breast cancer 
Pakistani women 
(Asian) 
Determined whether a novel 
polymorphism (Tru9I) in the low 
penetrance vitamin D receptor (VDR) 
gene is associated with risk of 
premenopausal breast cancer (BC). 
Case/controls 
228/503 
VDR Tru9I (un Nisa Iqbal et 
al., 2018) 
Vitamin D Receptor Gene 
Polymorphism: Association with 
Susceptibility to Early-Onset Breast 
Cancer in Iranian, BRCA1/2-




Investigated BsmI and FokI 
polymorphisms in Iranian young (≤ 
35 years old) breast cancer patient 














Table 2.6: Vitamin D-related genes and selected variants studied extensively in relation to osteoporosis 
Title of study Ethnicity  Aim Design SNVs studied Reference 
Associations between VDR 
Gene Polymorphisms and 
Osteoporosis Risk and Bone 




Determined significant association 
between VDR gene polymorphisms 
and susceptibility to osteoporosis 
and BMD in postmenopausal women 




VDR ApaI, BsmI, Cdx2, 
FokI and TaqI 
(Zhang et al., 2018) 
Association of Vitamin D 
Receptor Gene Variation With 
Osteoporosis Risk in Belarusian 





Assessed the frequency of 
distribution of VDR genetic variants 
with established effect and evaluate 
their haplotype association with the 
risk of PMO 
Case/control 
149/172 
 rs7975232, rs1544410, 
rs731236, and 
rs11568820) 
(Marozik et al., 
2018) 
The Influence of Vitamin D 
Receptor Genetic Variants on 
Bone Mineral Density and 





Evaluated the potential association 
between genetic variants of VDR 
gene and bone mineral density 




VDR p.Gly14Ala and 
p.His305Gln 
(He et al., 2015) 
Common allelic variants of the 
vitamin receptor D gene 
rs7975232 (ApaI) do not 
influence bone mineral density 




women     
(Hispanic)  
Investigated the relationship of 
commonly studied polymorphisms in 
the VDR gene, rs7975232, with the 







rs7975232 (Pedrera-Canal et 





2.13 Next generation sequencing 
Sanger and colleagues developed a chain termination method for DNA sequencing (Sanger 
et al., 1977), which was later renamed as Sanger sequencing. Over the years, sequencing 
technologies have been improved with development of various NGS technology platforms 
(Table 2.7), which have transformed biological and biomedical research (Mardis, 2017). NGS 
capacity to sequence DNA at increasing throughput and decreasing cost (Mardis, 2017) has 
facilitated the use of sequencing as a clinical tool (Goodwin et al., 2016). 
Table 2.7: Characteristic weaknesses and strengths of sequencing platforms relevant to this 
study 
Platform Read length (bp) Weakness Strength 
Sanger sequencing 
ABI 3500/3730 Up to 1 kb Cost and throughput Read accuracy and 
length 
Ion Torrent 
Proton Up to 400 bp Homopolymers Speed, throughput 
Oxford Nanopore 
MinION Up to 100 kb High error rate, run length Read length, 
portability 
Modified from: Next-Generation Sequencing Technologies and their Application to the Study and Control of 
Bacterial Infections. (Besser et al 2018).  
 
NGS technology platforms perform sequencing of millions of small fragments of DNA in 
parallel, followed by bioinformatics analyses to obtain clinically useful information by mapping 
the individual reads to a human reference genome (Behjati & Tarpey, 2013). About three billion 
bases in the human genome are sequenced multiple times, which provides high depth to 
deliver accurate data and insight into DNA variation applicable to clinical practice.  The 
advantages of NGS include the following abilities: 
1) To capture a broader spectrum of variants than Sanger sequencing  
2) To compare the results with reference genomes without bias (Dawson et al., 2013; 




With these advantages, application of NGS have improved cancer genome projects around 
the world, providing a guide to a more precise diagnosis and classification of the disease. This 
led to more accurate prognosis and identification of causal mutations used as targets for 
effective drug treatment (Behjati & Tarpey, 2013). Individual cancer sequencing of germline 
DNA and tumour genetics provide the basis for personalised cancer management (Behjati & 
Tarpey, 2013). 
 
The key limitation of NGS is the high cost of setting up the platform, including computer 
capacity, information storage and the personnel expertise needed to comprehensively analyse 
and interpret the data generated. Proper management and understanding of data generated 
using sophisticated bioinformatics tools to extract clinically important information from whole 
genomes in a clear and robust interface, is another challenge facing NGS (Behjati & Tarpey, 
2013). Computational tools to predict the outcomes of NGS data analysis have limited 
capacities to do so (Li et al., 2016) because they are still evolving. NGS can be used to select 
gene panels or the coding regions of all ~20,000 genes in the human genome (exomes) 
(Behjati & Tarpey, 2013; Hodges et al., 2007).  
 
2.13.1 Whole exome sequencing 
WES is a method for identifying protein coding variants (missense, non-sense, splice site, and 
small deletion or insertion mutations) to produce sequence data from hundreds of millions of 
short DNA fragments in parallel (Singleton, 2011). WES has been used to successfully detect 
variants of clinical importance in patients with rare Mendelian disorders (Stray-Pedersen et 
al., 2017) and to study complex diseases such as breast cancer (Bai et al., 2014). The first 
step in WES is the creation of a DNA library that consists of enriched targeted DNA regions of 
interest. In the context of exome sequencing, this target selection is performed with 
amplification-based products, manufactured to yield a DNA sample that consists of the protein-
coding and regulatory regions of the genome. Figures 2.4 shows an overview of the steps 












Figure 2.4: Application of WES to detect mutations of clinical significance in both Mendelian and 
heterogeneous diseases for improved clinical management. 
 
The Illumina instruments are the single most commonly used of the NGS platforms and hence 
may lead to bias in identifying variants of clinical importance (Chakravorty & Hegde, 2017). 
Comparative studies of NGS platforms revealed that data generated with the Ion Torrent 
platform has a higher raw error rate of about 1.8% when compared with Illumina data with an 
error rate of about 0.4%, on the assumption of sufficient coverage (Quail et al., 2012). 
However, the representation and ability to call SNVs is closely matched between these 
technologies. The Ion Torrent platform illustrated in Figure 2.5 applied in the present study 
has previously been shown to produce excellent result (Ashktorab et al., 2016). 
Mendelian disorders Complex diseases 
   Disease condition 
WES analysis for detection of 
variants of clinical significance 






Figure 2.5: Diagrammatic representation of pH change involved in Sequencing by detection of 
hydrogen ions a) during complementary nucleotide incorporation and b) when a nucleotide is 
not incorporated. Adapted from: High Throughput Sequencing: An Overview of Sequencing 
Chemistry (Ambardar et al., 2016). 
 
More recently Oxford nanopore Technologies (ONT) introduced the MinION nanopore 
sequencer (van Dijk et al., 2018). The MinION is a small device weighing about 87 g which 
can be connected to a computer through a standard USB 3.0 port (Patel et al., 2018). The 
development of this third generation sequencing platform paved the way for a real-time 
sequencing process, with generation of long reads when compared with the NGS platforms 
(van Dijk et al., 2018). The mechanism of nanopore sequencing is based on an electrically 
resistant synthetic membrane and a voltage which is applied across the membrane. Library 
preparation of DNA molecules are based on standard protocols initially attaching a leader 
adaptor and motor protein to one strand of DNA. During sequencing, the motor protein opens 
dsDNA, thereby allowing for passage of a base of single strand through the pore at a time 
(Leggett & Clark, 2017). The presence of the DNA molecule in the pore generates a deflection 
in the current, which is directly related to the base present in the pore at that point in time.  
Improved base-calling and refining of the variant curation software used with the MinION 






2.14 Variant classification 
A classification system of five categories shown in Table 2.8 was proposed for interpretation 
of gene variants identified by sequencing technologies, with a goal to add more evidence in 
patient reports, as appropriate for individual circumstances. These include results obtained 
with segregation studies in families, tumour pathology, and functional in vitro assays with 
continued improvement as research data accumulate (Plon et al., 2008). 
 
Table 2.8: Proposed Classification System for Sequence Variants Identified by Genetic testing 
(Adapted from: Plon et al., 2008) 
 
Tumour histopathology is of particular importance in breast cancer patients with rare germline 
mutations in the CDH1 gene. Pathogenic mutations in this gene are associated with ILC, but 
not invasive carcinoma of no special type (ICNST). However, tumour histopathology is 
currently not taken into account in variant classification calculators (Nykamp et al., 2017; 
Richards et al., 2015) due to increased complexity during the variant interpretation process. 
This represents a knowledge gap addressed by PSGT in this study using WES to explore the 
role of vitamin D deficiency and VDR variants in postmenopausal hormone receptor-positive 
breast cancer patients screened for pathogenic mutations in the BRCA1/2, CDH1 and other 
high- to moderate-penetrance breast cancer susceptibility genes.  Pathogenic germline CDH1 
mutations predominate in families with gastric cancer (Corso et al., 2016; Sporle et al., 2018) 
and therefore family history is also a very important consideration for classification of variants 
detected in this gene. In the past a family history of cancer was mostly used to select patients 
Class Description 
Probability of being 
pathogenic 
5 Definitely pathogenic >99% 
4 Likely pathogenic >90% 
3 Uncertain clinical significance 5-90% 
2 Likely benign <5% 




for BRCA mutation detection and family screening, while it now carries a new meaning in 
making sense of VUS frequently uncovered using advanced NGS technologies. The same 
applies to environmental triggers of genetic risk factors such as unhealthy lifestyle habits or 
medication associated with breast cancer co-morbidities and drug side effects or failure.  
TNBC is associated with an increased risk for inheritance of pathogenic germline mutations in 
the BRCA1 gene, while BRCA2 mutation-positive breast cancer patients may share similar 
pathologic characteristics with non-carriers (Chen et al., 2018).  BRCA1 expression is critical 
for mediating the beneficial biological impact of vitamin D on breast cancer growth (Pickholtz 
et al., 2014). Vitamin D-based therapies target dormant cells that are often resistant to 
conventional chemotherapy regimens and may benefit patients who express some level of 
BRCA1. Thus, the genetic background of individual patients relating to high-penetrance genes 
such as BRCA1/2 and CDH1 may need to be considered to achieve effective vitamin D-based 
therapies or prevention. This is of particular relevance in the South African population with an 
increased risk for familial breast cancer due to a founder effect. This phenomenon relates to 
the unique genetic structure of certain South African populations which enabled the 
development of cost-effective genetic tests (Kotze, 2016). A small number of highly penetrant 
founder mutations in the BRCA1 and BRCA2 tumour suppressor genes shown to cause early-
onset familial breast cancer in a large proportion of South African patients studied at Tygerberg 
Hospital (Schoeman et al., 2013) has recently been incorporated into a cost-saving point of 
care (POC) BRCA assay. The previously-described Hybeacon technology (Blackman et al., 
2015)  was applied that allows genetic testing within 1 hour (Kotze et al., in press). By taking 
advantage of both the founder- and pleiotropic effects associated with BRCA1/2 mutations 
(Smith et al., 2013), rapid POC DNA testing can now be performed as part of the PSGT 
algorithm previously described to facilitate differential diagnosis of inherited and lifestyle-
related breast cancer (van der Merwe et al., 2017). When used as a first-line test in patients 
referred for BRCA1/2 mutation testing implemented during a genetic counselling session, 




using WES as illustrated in Figure 2.6. This PSGT approach currently focuses on differential 
diagnosis and clinical outcome of hereditary conditions related to five  metabolic pathways: 
(i) lipid and lipoprotein metabolism; (ii) DNA methylation and mismatch repair; (iii) haemostasis 
and inherited thrombophilia; (iv) haem synthesis and iron homeostasis; and (v) drug 
metabolism (M. Kotze, 2016). Addition of the vitamin D pathway is yet to be included based 
on the outcome of the present study. 
 
Figure 2.6: Pathology-supported genetic testing framework incorporating founder mutations 








SUBJECTS AND METHODS  
3.1 Ethics approval  
Ethics approval for this study was obtained from the Human Research Ethics Committee of 
Stellenbosch University with reference number S17/10/219. Written informed consent was 
obtained from all study participants prior to sample collection and electronic data capturing. 
This study was performed in accordance to the principles of the Declaration of Helsinki 
regarding human experimentation. 
3.2 Study population 
Only women with histologically confirmed postmenopausal hormone receptor-positive breast 
cancer were included in this study using the clinical criteria and methodology previously 
described by Baatjes et al. (2019).  Ethnic distribution reflected the catchment area of the 
Tygerberg Academic Hospital Breast Clinic, in the Western Cape Province of South Africa. All 
patients were newly diagnosed with stage 0-III hormone-receptor-positive breast carcinoma 
at the National Health Laboratory Service (NHLS). 
Inclusion criteria: Postmenopausal women aged 50-80 years with amenorrhoea for more than 
one year and/or a follicle-stimulating hormone (FSH) level of >40 mlU/mL; newly diagnosed 
with breast carcinoma and informed consent provided.  
Exclusion criteria: Women with breast cancer; receiving tamoxifen therapy for breast 
carcinoma (currently or previously); undergoing palliative aromatase inhibitor treatment; 
patients known to suffer from a disease or taking drugs which adversely influence skeletal 
health; use of bone-protective medication (e.g. bisphosphonates) or informed consent for 




A total of 116 participants comprising multi-ethnic groups of predominantly mixed ancestry 
from 126 included in the database qualified for this study based on the selection criteria shown 












Information of breast cancer patients with previously-determined vitamin D levels was 
extracted from the REDCap research database developed under ethics approved project 
reference number S13/05/103. DNA samples linked to this database were stored in the 
Pathology Research Facility of Stellenbosch University that provides the infrastructure for 
return of research results under reference number N09/08/224. Interpretation of genetic 
findings in this study was performed in conjunction with a questionnaire-based health 
assessment and co-morbidities identified at baseline as described by Baatjes et al. (2019), 
using the PSGT strategy (Kotze et al. 2015). This approach involves the establishment of a 
genomics database at the interface between the laboratory and clinical practice with a goal to 
facilitating the move from single- to multi-gene testing and WES (Kotze, 2016).  
Breast Cancer Database (n=126) 
 
Inclusion criteria 
• Histologically confirmed 
• ER, PR positive  
• Early stage (0-III)  
• Postmenopausal 
• Had follicle-stimulating hormone level 
of >40 mlU/ml. 
Exclusion criteria 
• Pre- or perimenopause 
• Previous or current tamoxifen 
treatment  
• Receiving palliative AIs treatment 
• Suffering from known disease or 
taking bisphosphonates. 
 
Excluded 9 patients with 
unknown vitamin D levels and 
1 patient who withdrew from 
the study  
Patients with complete vitamin D data (n=116) 
Figure 3.1: Schematic representation of the criteria used to select postmenopausal breast cancer 




3.4 Determination of vitamin D levels 
The retrieved vitamin D levels of all the patients in this study were determined quantitatively 
at PathCare laboratory using a chemiluminescent immunoassay on the Beckman Coulter® 
instrument (95350 Lakeview Parkway S Drive Indianapolis, IN 46268 United States). This 
method is a two-step competitive binding immunoenzymatic assay. In the first step, the sample 
reacts with paramagnetic particles that are coated with sheep monoclonal anti-vitamin D 
antibodies and an agent that releases vitamin D binding protein (DBP) and the vitamin D in 
the sample binds to it. Alkaline phosphatase conjugate is then added to compete with binding 
to the immobilized monoclonal anti-vitamin D. The materials bound to the solid-phase are then 
held in a magnetic field while unbound materials are washed away. Chemiluminescent 
substrate Lumi-Phos* 530 is added and light generated by the reaction. The vitamin D 
concentration in the substrate was measured with a luminometer. Standard reference values 
were used to categorise patients with vitamin deficiency (<20 ng/mL), insufficiency (20 − 29 
ng/mL) and sufficiency ( >30 ng/mL) (Holick, 2009) as previously described in our multi-ethnic 
study population (Baatjes et al., 2019). The coefficient of variance at various clinically 
significant cut-off points for vitamin D levels was less than 8%. Seasons in which blood 
samples were collected from the patients, bone mineral density, tumour size, tumour type, 
tumour grade, ER, PR and HER2 were also extracted from the database for analysis. 
3.5 DNA Extraction and quality control 
DNA was extracted from whole blood using the QIAGEN QIAamp® DNA Blood Mini Kit 
(Hilden, Germany). The NanoDrop One Spectrophotometer (Thermo Electron Scientific 
Instruments LLC, Madison, WI, USA) was used to measure the DNA quantity. All genomic 
DNA samples were diluted to a final concentration of 10 ng/µL using nuclease-free water. 
The quality of the DNA used for WES was evaluated on the NanoDrop™ ND-1000 




stranded DNA (dsDNA) fraction in each sample was determined on the Qubit 4.0 fluorometer 
(ThermoFisher Scientific) using the QubitTM dsDNA HS assay kit. Genomic quality scores 
(GQS) were determined on the LabChip® GXII Touch (PerkinElmer, Waltham, MA, USA), 
using the DNA Extended Range Chip and genomic DNA (gDNA) Reagent Kit (PerkinElmer). 
The GQS is a value between 0 and 5, with zero indicating the lowest quality DNA and five 
high-quality, intact gDNA. 
 
3.6 Whole exome sequencing 
WES was performed using the Ion Torrent apparatus at the Central Analytical Facility of 
Stellenbosch University. DNA samples of patients selected for WES were screened for genetic 
variation in the genes listed in Table 3.1, including BRCA1/2 routinely screened for pathogenic 
mutations at Tygerberg Academic Hospital (Schoeman et al., 2013; Lopes et al., 2012; Lee et 
al., 2016; Cabanillas et al., 2017). The WES results of seven samples were compared with 
variants detected in the CDH1 gene using nanopore long-range sequencing. 
 
Table 3.1: Genes screened for clinically relevant variants in the study population using whole 
exome sequencing 
High 







































PTEN        
NM_000314.6 
PALB2   
NM_024675.3 
































3.6.1 Ion Torrent platform 
The Ion AmpliSeq™ Exome RDY Kit was used to prepare whole human exome libraries from 
100 ng input gDNA. Targets were amplified on the SimplyAmp Thermal Cycler using the Ion 
AmpliSeq™ Exome RDY Panel and the Ion AmpliSeq™ Library Kit Plus. Following exome 
target amplification across primer pairs, the products were combined, and primer sequences 
partially digested in preparation for adapter ligation. IonCode™ Barcode Adapters were used 
to generate barcoded libraries and adapter ligated exome libraries were purified with 
Agencourt™ AMPure™ XP reagent and eluted in 50 µl low TE buffer. Figure 3.2 is the 
schematic representation of the process. Exome library quantification was performed using 
the Ion Library TaqMan Quantitation Kit (MAN0015802 Rev B.0). Briefly, qPCR reaction 
volumes were scaled to a final volume of 10 µl and amplification was performed using the 
StepOnePlus™ Real-time PCR system (ThermoFisher Scientific). Libraries were diluted to a 
target concentration of 20 pM. The diluted, barcoded exome libraries were combined in 
equimolar amounts for sequencing template preparation using the Ion 550™ Chef Kit. Twenty-
five microliters of diluted, pooled library was loaded onto the Ion Chef liquid handler for 
template preparation and enrichment using Ion 550™ Chef Reagents, Solutions and Supplies. 
Enriched ion sphere particles were loaded onto an Ion 550™ Chip. Sequencing was performed 
on the Ion S5TM platform. 
 
3.6.2 WES bioinformatics analysis 
Flow space calibration, base caller analysis, reference genome alignment to a synthetic 
Caucasian major allele reference sequence (CEU-MARS), coverage analysis and variant 
calling were performed (Figure 3.2) as previously described by van der Merwe et al., 2017. 
These procedures involve alignment of the generated sequence reads to a Major Allele 




was used for the alignment of short and long nucleotide sequences produced by NGS 









Figure 3.2: Summary of Ion AmpliSeq Exome RDY workflow 
 
    
The second step involved read analysis and processing was performed using the preinstalled 
Torrent Suite™ Software and variant calling with the Torrent Variant Caller (TVC) plug-in.  









Figure 3.3 Schematic representation of sequencing read processing pipeline 
 
A minimum Phred quality score (Q score) of 50 was used for base calling, allowing 
interpretation with about 99% accurate base call. Higher Q scores correspond to higher 
  Exome target amplification 
 











Mapped reads  
Filtered variants 
Alignment to reference genome 
Align to CEU-MARS 
Filtering of prioritized genes  
Variant discovery 





quality. A minimum depth of coverage of 100 was used for confident variant calls. Coverage 
provides counts of read depth (DP) at two different levels: at the sample level, where the DP 
value is the count of reads that passed the caller's internal quality control metrics, and at the 
site level where this value is the unfiltered depth over all samples. Resulting variants were 
assessed in relation to publicly available mutation and variant databases. These include 
Clinvar (http://www.ncbi.nlm.nih.gov/clinvar/), the Single Nucleotide Polymorphism Database 
(dbSNP) of the National Centre for Biotechnology Information (NCBI) 
(www.ncbi.nlm.nih.gov/SNP) and SNPedia (http://www.snpedia.com/ index.php/SNPedia) 
which obtains information from PubMed that is regularly updated to support genome 
annotation and interpretation prior to analytical validation of potentially deleterious gene 
variants in the laboratory. The Varsome calculator (www.varsome.com), incorporating 
functionality scores from bioinformatics tools such as Polymorphism Phenotyping v2 
(PolyPhen-2), the Sorting Intolerant from Tolerant (SIFT) algorithm and the Protein Variation 
Effect Analyzer (PROVEAN), was used to determine the effect of variants on the biological 
function of resulting proteins.  Finally, all potentially significant variants detected were verified 
with the Integrative Genomics Viewer (IGV) - a high-performance visualization tool used for 
interactive exploration of large, integrated data sets (www.broadinstitute.org/igv/). Allele 
frequencies and genotype distributions of the SNVs detected were compared with minor allele 
frequencies (MAF) reported for different populations in the ExAC Database 
(exac.broadinstitute.org).  
 
3.7 Real-time polymerase chain reaction  
The LightCycler LC480-II instrument (Roche Applied Science, Penzberg, Germany) was used 
for real-time PCR. The ABI™ TaqMan® SNP Genotyping assay ID C_8278879_10 was used 
according to the standard TaqMan® SNP genotyping protocol. Pre-designed 40× assay mix 
consisted of unlabelled primers and TaqMan® Minor Groove Binder (MGB) probes (VIC® and 




microliters of template DNA (10 ng/µL) was used in a total reaction volume of 10 µL with RealQ 
Plus Master Mix for Probe (Ampliqon, Odense, Denmark).  
3.8 Sanger sequencing 
PCR-based Sanger sequencing was used as the gold standard for confirmation of potential 
clinically relevant gene variants and to confirm correct allocation of SNV genotypes 
(homozygosity and heterozygosity). Oligonucleotide primers were designed with 
PrimerBLAST to sequence the DNA regions of interest by Sanger sequencing of the PCR 
products. Oligonucleotide sequences were verified on reference sequences obtained from 
Ensembl (ensembl.org). Table 3.2 shows the oligonucleotide primers used for Sanger 
sequencing. 
Table 3.2: Oligonucleotide primers used for conventional PCR and Sanger sequencing 












































Confirmation of successful PCR amplification was performed by adding 1 µL of 500x SYBR 
Green fluorescent dye to the PCR tube after thermal cycling and checking for strong green 




Analytical Facility (CAF) of Stellenbosch University for post-PCR clean-up and automated 
sequencing. Electropherograms were analyzed using FinchTV Version 1.4.0 software 
(Geospiza Research Team). With this application, the nucleotide sequences of each gene 
were compared directly to the Ensembl human reference sequence. 
3.9 Long-range nanopore sequencing (MinION platform)  
Long-range PCR (LR-PCR) and nanopore sequencing of overlapping amplicons covering the 
entire CDH1 gene was performed using the pocket-sized MinION device (Oxford Nanopore 
Technologies). After base calling with Guppy and mapping with minimap2, variants were 
called with Varscan2. The entire CDH1 gene was covered in 6 amplicons (Table 3.3) per 
sample by LR-PCR performed with PrimeStar GXL polymerase (Takara Bio Inc.), according 
to the manufacturers’ protocol. 
Table 3.3: Oligonucleotide primers used for long range MinION sequencing of CDH1 gene 
Gene dbSNP ID Primers 















































Eppendorf DNA Lo-Bind tubes were used throughout the entire nanopore library preparation 
and reaction products were purified with AMPure XP beads (Beckman Coulter Inc.) after every 
step in the protocol. For AMPure XP bead purification, samples were mixed with an 
appropriate volume of AMPure beads and incubated at room temperature on a Hula mixer for 
5 minutes with vortexing. Beads were pelleted on a magnet stand and washed twice with 
freshly prepared 80% ethanol. After air-drying for 2 minutes, the bead pellets were 
resuspended in elution buffer and incubated at room temperature for 5 minutes. The tubes 
were then placed on the magnet stand and the beads allowed to pellet for 2 minutes, after 
which the eluate containing the DNA was transferred to a new Eppendorf DNA Lo-Bind tube. 
Each PCR product was quantified with Qubit 1.0 and amplicons were pooled per sample in 
equimolar amounts to a total of 1.5 µg. The CDH1 amplicon pools were purified with AMPure 
XP beads and eluted in 50 µL nuclease-free water. This was followed by library preparation 
using the nanopore 1D native barcoding protocol (SQK-LSK109) from Oxford Nanopore 
Technologies. PCR products (~1.5 µg DNA) were end-repaired prior to adapter ligation in a 
total reaction of 60 µL, comprising 50 µL of amplicons, 7 µL of Ultra II End-Prep reaction buffer 
and 3 µL Ultra II End-Prep enzyme mix (New England Biolabs), and incubated in a 
thermocycler at the appropriate temperatures (20ᵒ, 65ᵒ) for 5 minutes each. 
 
Aiming for DNA template >700 ng, 1 µL of the end-prepped DNA samples was quantified with 
a Qubit fluorometer. Next, the native barcode ligation step was carried out on the repaired and 
end-prepped DNA samples using the nanopore barcoding kit EXP-NBD103. The library was 
loaded into the SpotON sample port of a MinION flow cell R 9.4.1 according to the 
manufacturer’s instructions. 
 
3.9.1 MinION bioinformatics analysis 
To translate the electric signals from the flowcells into raw DNA sequence reads (i.e. A, C, G 
and T) the raw data (fast5 file format) are first basecalled with the Guppy basecaller (Oxford 




an NVIDIA GeForce GTX1050 Ti graphics card which generated fastq files. After 
demultiplexing the reads according to their barcodes (also with Guppy), the fastq files were 
mapped to the CEU reference genome with Minimap2. Samtools was used to convert .sam 
files to .bam files and to sort and index the .bam files. Variants were called using VarScan 
software (v2.2.3). Figure 3.3 shows a summary of the pipeline used for analysis of the data 
generated on the MinION device. The results of CDH1 variants detected in 7 DNA samples 
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3.10 Statistical Analysis 
The statistical tools used were STATA, STATISTICA and R. For descriptive purposes, 
crosstabulation with the Fisher exact test was performed to investigate the relationship 
between categorical variables. Analysis of variance (ANOVA) was used to compare mean 
vitamin D status between the four seasons.  Post hoc testing was performed using Fisher 
Least Significant Difference (LSD) testing.  Normality was checked by inspecting normal 
probability plots and were found to be acceptable. Levene’s test was used to assess 
homogeneity of variance assumptions. Pearson correlation was applied to test the relationship 
between BMI and vitamin D levels. Receiver Operating Curve (ROC) analysis was used to 
determine the vitamin D cut-off point for best discriminating between genotype groups. 
Genotype distribution and allele frequencies were determined by allele counting. Hardy-
Weinberg equilibrium (HWE) was determined using an online calculator 
(http://www.oege.org/software/hwe-mr-calc.shtml). Clinical characteristics were compared 
between study subgroups of breast cancer patients to determine possible allelic effects of 
selected variants. Due to the exploratory nature of this study, multivariate analyses were not 








This study included a clinical assessment of patient information extracted from a central 
research database using vitamin D levels measured in hormone receptor-positive 
postmenopausal breast cancer patients as the primary selection criteria, followed by genetic 
studies including the CDH1, encoding E cadherin activated by the vitamin D receptor (VDR). 
4.1 Clinical assessment of risk factors for vitamin D deficiency  
Vitamin D levels of 116 postmenopausal women categorised as deficient (53%), insufficient 
(38%) or sufficient (9%) (Figure 4.1) were extracted from the research database for correlation 
studies performed in relation to the clinical characteristics of the study population summarised 
in Table 4.1.  
 
Figure 4.1: Study population of 116 postmenopausal breast cancer patients grouped according 



























Table 4.1: Clinical characteristics of the study population  
Variable Study Group Total (n=116) 
*Body mass index (kg/m2) Mean ± SD 31.66 ± 7.8 
<26 30 (27%) 
26-30 22 (20%) 
>30 59 (53%) 
*Physical activity Occasionally 91 (82%) 
Regularly 20 (18%) 
*Alcohol intake Abstain 91 (82%) 
1-7 units per week 17 (15%) 
 >7 units per week 3 (3%) 
*Smoking Never 73 (66%) 
Current 30 (27%) 
 Previous 8 (7%) 
Vitamin D (ng/mL) Mean ±SD 20.26 ± 6.95 
Tumour grade (n=90) I 32 (31%) 
II 49 (47%) 
III 23 (22%) 
Tumour type (n=111) 
 
ICNST 83 (74%) 
ILC 14 (13%) 
Other 14 (13%) 
Tumour size (mm) (n=113) 
 
≤ 20 48 (42%) 
≥21 65 (58%) 
ER status (n=116) 
 
Positive 113 (97%) 
PR status (n=116) 
 
Positive 92 (79%) 
HER2 status (n=109) 
 
Positive (3+) 14 (13%) 
*Bone mineral density (n=100) 
 
Normal 58 (58%) 
Osteopenia and Osteoporosis 42 (42%) 
*Data overlap with data previously described by Baatjes et al. 2019; SD, standard deviation; ICNST: invasive 
carcinoma of no special type; ILC: invasive lobular carcinoma; ER: oestrogen receptor; PR: progesterone receptor; 
HER2: human epidermal growth factor receptor-2; BMI: body mass index (<26 kg/m2: normal, 26-30 kg/m2: 
overweight, >30 kg/m2: obese) 
 
As indicated in Table 4.1, the effect of age, physical activity, alcohol consumption, smoking 
and BMI were considered as contributing factors to vitamin D levels, as well as season of 




vitamin D levels was detected, with the lowest levels measured during winter, independent of 
BMI and ethnicity (p < 0.01). The negative association between BMI and vitamin D shown in 
Figure 4.3 was independent of age, ethnicity and seasonal changes (r = -0.26, p<0.01).   
 
 
Figure 4.2: Effect of seasonal variation on vitamin D levels in the study population.  






























r = -0.26 
p < 0.01 
 
 
Figure 4.3: Correlation between body mass index (BMI) and vitamin D levels in the study 
population. 
 
The above-mentioned findings provided the clinical context for investigation of the potential 
effect that vitamin D levels may, in turn, have on tumour pathology. No statistically significant 
association was detected between vitamin D levels and tumour type, size, grade, ER, PR and 
HER2 status. Figure 4.4 shows the relationship between vitamin D levels and tumour type, 
indicating that none of the patients with invasive lobular carcinoma had sufficient vitamin D 
levels.  





































                          
Figure 4.4: Relationship between vitamin D levels and tumour pathology based on invasive 
carcinoma of no special type and invasive lobular carcinoma classification. 
 
4.2 Whole exome sequencing for identification of vitamin D-lowering 
genetic variants 
The initial genetic screen using WES included 10 patients at the extremes of vitamin D levels 
(≤12 ng/mL vs >30 ng/mL). Table 4.2 shows two SNVs detected in exon 11 (rs4588) and exon 
12 (rs7041) of the GC gene, together with BMI and the season of blood collection for 
measurement of vitamin D levels. Potential clinically relevant SNVs were not detected in the 





















ICNST: Invasive carcinoma of no special type  























Table 4.2: Missense variants detected by WES in 10 breast cancer patients with the lowest and highest extremes of vitamin D levels found to be 














BMI, body mass index; GC rs4588, T=0.2528/30670; GC rs7041 T=0.4841/5874












004 4.82 Winter Obese GC c.1364C>A                   c.1353T>G 
rs4588 (GT)                                   
rs7041 (GT) 




007 10.3 Spring Obese GC c.1364C>A rs4588 (GT) T455K 0.187 
051 12.8 Winter Normal GC c.1364C>A rs4588 (GT) T455K 0.187 
093 11.6 Autumn Obese GC c.1364C>A rs4588 (TT) T455K 0.187 
124 12.4 Summer Obese GC c.1364C>A                              c.1353T>G 
rs4588 (GT)                                       
rs7041 (GT) 




073 39.2 Summer Overweight GC c.1364C>A rs4588 (GT) T455K 0.187 
077 31.3 Summer Normal GC           c.1364C>A                         rs4588 (GT)                             T455K                                    0.187 
089 41.9 Autumn Normal GC c.1353T>G rs7041(GT) D451E 0.4603 
092 37.9 Autumn Normal GC c.1353T>G rs7041(GT) D451E 0.4603 




Based on the WES results and literature curation, GC rs4588 was selected for real-time PCR 
analysis (Figures 4.5 and 4.6) performed successfully in 100 patients for genotype-phenotype 
association analysis in the extended study population. Sanger sequencing was performed on 
one sample each from the three genotype groups to verify the real-time PCR results. PCR 
results are shown in Figure 4.5. Genotype distribution and allele frequencies of the GC rs4588 

























Figure 4.5: Graph showing real time PCR for the GC variant rs4588 using the ABI TaqMan®. 






Figure 4.6: Graph showing the fluorescence of real time PCR for the GC variant rs4588 using the 
ABI TaqMan®. [Allele X (G- HEX labelled) vs Allele Y (T- FAM labelled)], Blue = GG; Red = GT and 








Genotype TT  



















Table 4.3 shows the comparative analysis of clinical characteristics of the study population 
evaluated for the GC rs4588 genotypes GG vs GT/TT combined. The two patients with the 
homozygous TT genotype had deficient (11.6 ng/mL) or insufficient (21.8 ng/mL) vitamin D 




























Table 4.3: Comparison of the clinical characteristics of postmenopausal breast cancer patients 
with the GC rs4588 GG genotype (n=66) and combined GT (n=32) and TT (n=2) genotypes. 
Characteristics GC rs4588 GG genotype 
(n=66)  
GC rs4588 GT/ TT genotype 
(n=34) 
p value 
Vitamin D levels* (n=100)    





Insufficient (21-29 ng/ml) (n=43) 31 (72) 12 (28) 0.161 
Sufficient (≥ 30 ng/mL) (n=4) 1 (25) 3 (75)  
Body mass Index (n=100)    
Normal (16-25 (kg/m2) (n=24) 19 (79) 5 (21)  
Overweight (26-30 kg/m2) (n=22)  17 (77) 5 (23) 0.145 
Obese (>30 kg/m2) (n=54) 32 (59) 22 (41)  
Tumour size (n=98)    
<50mm (n=41) 25 (61) 16 (39) 0.182 
≥50mm (n= 57) 43 (75) 14 (25)  
Tumour type (n=96)    
ICNST (n=71) 49 (69) 22 (31)  
ILC (n=13) 8 (62) 5 (38) 0.879 
Other (n=12) 8 (68) 4 (32)  
ER status (n=100)    
Positive (n=97) 66 (68) 31 (32) 1.000 
Negative (n=3) 2 (67) 1 (33)  
PR status (n=100)    
Positive (n= 80) 55 (69) 25 (31) 0.792 
Negative (n=20) 13 (65) 7 (35)  
HER2 status (n=94)    
Positive (n=12) 10 (83) 2 (17) 0.326 
Negative (n=82) 54 (66) 28 (34)  
*Bone mineral density (n=53)    
Normal (n=21) 13 (62) 8 (38)  
Osteopenia (<−1.0 > -2.5) (n=18) 10 (56) 8 (44) 0.610 
Osteoporosis (≤-2.5) (n=140 32 (60) 21 (40)  
*Data overlap with Baatjes et al. 2019. Percentages are provided in brackets. BMI: body mass index; BMD: bone 










4.3 Analysis of variation on the vitamin D receptor gene 
Based on bone mineral density (BMD) classification, 14 patients had osteoporosis, 18 
osteopenia and in 21 BMD levels were within the normal range.  Using Receiver operator 
Curve (ROC), a vitamin D level of 17.65 ng/mL was found to best discriminate between 
patients with normal BMD (-1 > +1) versus patients with osteopenia (< −1.0 > -2.5) or 
osteoporosis (≤-2.5). The area under the curve (AUC) was only 0.57, indicating poor 
performance of this cut off (Figure 4.8).   
 
Figure 4.8: Determination of vitamin D concentration that best discriminates between 
postmenopausal hormone receptor-positive breast cancer patients with normal bone mineral 
density versus osteopenia/osteoporosis. 
 
Sanger sequencing was performed on DNA samples of all 14 osteoporotic patients for 
rs2228570 (FokI) in exon 2, rs731236 (TaqI) in exon 9, rs7975232 (ApaI) in intron 8 and 




Table 4.4: VDR genotypes for rs2228570, rs731236, rs7975232 and rs1544410 determined by 
Sanger sequencing in 14 postmenopausal breast cancer patients diagnosed with osteoporosis 
patients prior to aromatase inhibitor treatment 
  
The exonic VDR rs731236 (TaqI) and rs2228570 (FokI) that can be detected by WES covering 
the coding region of the human genome, was analysed in 55 patients stratified by vitamin D 
levels. The genotype distribution for these two SNVs shown in Figure 4.9 (rs731236, p=0.002) 
and Figure 4.10 (rs2228570, p=0.001) differed significantly between patients with 
osteoporosis, osteopenia and those with normal BMD. For VDR rs731236 (TaqI) the risk allele 
is C, found to be absent in breast cancer patients with osteoporosis. The risk allele for 
rs2228570 (FokI) was T, with both the minor C and T VDR alleles detected at a frequency of 




Samples 010 011 014 018 019 044 048 061 063 064 070 079 089 099 
rs7975232 
(ApaI) GT TT TT TT TT TT GT GC TT TT GT GT TT TT 
rs1544410 
(BsmI) 
AG GG GG AG AG GG GG AG AG AG GG AG AG GG 
rs2228570 
(FoKI) CT TT CT CT CT TT CT CT TT TT CT TT CT TT 
rs731236 




                                          
Figure 4.9: Genotype distribution of VDR rs731236 (TaqI) in relation to bone health in the study 
population of postmenopausal breast cancer patients 
 
 
Figure 4.10: Genotype distribution of VDR rs2228570 (FokI) in relation to bone health in the 
study population of postmenopausal breast cancer patients 
 
The clinical characteristics of postmenopausal breast cancer patients with the VDR rs731236 
(TaqI) genotypes CC (n=8), CT (n=28) and TT (n=17) and rs2228570 (FokI) genotypes CC 
(n=20), CT (n=23) and TT (n=12) are shown in tables 4.5 and 4.6, respectively. The risk-
associated VDR rs731236 C-allele and rs2228570 T-allele were present in all 14 breast cancer 
patients with osteoporosis (p<0.01), while none of the other clinical characteristics were 

































































Table 4.5: Comparison of the clinical characteristics among postmenopausal breast cancer 
patients genotyped for VDR rs731236 (TaqI) 
Characteristics CC (n=8) CT (n=30) TT (n=17) p value 
Vitamin D levels* (n=55)     





Insufficient (21-29ng/ml) n=19 4 (21) 8 (53) 5 (26) 0.714 
Sufficient (≥30ng/mL) n=10 
 
6 (60) 4 (40)  
Body mass Index (n=55)  
  
 
Normal (16-25) n=18 4 (22) 8 (44) 6 (34)  
Overweight (26-30) n=8  6 (75) 2 (25) 0.639 
Obese (>30) n=29 4 (14) 16 (55) 9 (31)  
Tumour size (n=54)  
   
<50mm n=43 4 (10) 24 (56) 15 (35) 0.246 
≥50mm n=11 3 (27) 6 (54) 2 (19)  
Tumour type (n=53) 
    
ICNST n=32 3 (9) 17 (53) 12 (38)  
ILC n=13 3 (23) 6 (46) 4 (31) 0.486 
Other n=8  1 (13) 6 (74) 1 (13)  
ER status (n=55) 
    
Positive n=55 8 (15) 30 (54) 17 (31)  
PR status (n=55)     
Positive n= 43 6 (14) 23 (53) 14 (33) 0.910 
Negative n=12 2 (17) 7 (58) 3 (25)  
HER status (n=52) 






Negative n=49 6 (12) 27 (55) 16 (33)  






12 (52) 11 (48)  
 
Osteopenia (< −1.0 >-2.5) (n=18) 3 (17) 9 (50) 6 (33) 0.002 










Table 4.6: Comparison of the clinical characteristics among postmenopausal breast cancer 
patients genotyped for VDR rs2228570 (FokI). 
Characteristics CC (n=20) CT (n=23) TT (n=12) p value 
Vitamin D levels* (n=55)  





Insufficient (21-29 ng/ml) n=19 9 (47)   6 (32) 4 (21) 0.639 
Sufficient (≥30 ng/mL) n=10 2 (20)   6 (60) 2 (20)  
Body mass Index (n=55)     
Mean levels (kg/m2)     
Normal (16-25) n=18 7 (39)   6 (33) 5 (28)  
Overweight (26-30) n=8 4 (50)   3 (38) 1 (12) 0.774 
Obese (>30) n=29 9 (31) 14 (48) 6 (21)  
Tumour size (n=54)     
<50mm n=43 16 (37) 20 (47) 7 (16) 0.279 
≥50mm n=11   4 (36)   3 (28) 4 (36)  
Tumour type (n=53)     
ICNST n=32 15 (47) 9 (28) 8 (25)  
ILC n=13   2 (15) 9 (70) 2 (15) 0.135 
Other n=8   3 (37) 4 (50) 1 (13)  
ER status (n=55)     
Positive n=55 20 (36) 23 (42) 12 (22)  
PR status (n=55)     
Positive n= 43 15 (35) 18 (42) 10 (23) 0.918 
Negative n=12   5 (42)   5 (42)   2 (16)  
HER status (n=52)     
Positive n=3    1(33)   1 (33)   1 (33) 1.000 
Negative n=49 18 (37) 21 (43) 10 (20)  
Bone mineral density (n=55)     
Normal (n=23)   8 (35) 11 (48) 4 (17)  
 
Osteopenia (<−1.0 > -2.5) (n=18) 12 (67)   4 (22) 2 (11) 0.001 








4.4 Sequencing of the CDH1 gene associated with invasive lobular 
carcinoma  
Based on information retrieved from the database, 14 patients had ILC while 79 patients were 
diagnosed with ICNST. DNA samples of 7 of the 14 patients with ILC were screened using 
WES for comparison with 6 DNA samples of patients with ICNST. WES was performed using 
the Ion Torrent platform followed by variant calling including 28 moderate- to high-penetrance 
breast cancer susceptibility genes, followed by prioritization of the CDH1 gene for mutation 
screening. WES results for this gene were compared with that obtained on the Oxford MinION 





Table 4.7: Clinical characteristics and vitamin D-related gene variants identified among postmenopausal breast cancer patients screened for CDH1 
gene variants using WES (Ion Torrent) and/or nanopore long-range sequencing (Minion). 
SAMPLE AGE VITAMIN D     (ng/mL) 
TUMOUR         
PATHOLOGY SNV ID NUCLEOTIDE 
AMINO 









*007 60 10.3 Lobular rs1801552 c.T2076C Ala 692 Ala T=0.3452 GT CC CT 
*##019 67 17.4 Lobular rs33964119 c.C2253T Asn 751 Asn T=0.03955 GT CT CT 
025 68 26.5 Lobular rs1801552 c.T2076C Ala 692 Ala T=0.3452 GT CT CC 
028 57 23.5 Lobular rs1801552  c.T2076C Ala 692 Ala T=0.3452 GG CT CT 







Ala 692 Ala   
Ala 735 Ala        
Asn 751 Asn 
T=0.3452 
C=0.0000 
T=0.03955     
GT CT CT 
*#038 67 23.1 Lobular rs376097289 c.A1298G Asp 433 Gly G=0.00007 GG CT CC 
*072   Lobular rs33964119 c.C2253T Asn 751 Asn T=0.03955 GG TT CC 
*097 63 12.8 Lobular rs1801552 c.T2076C Ala 692 Ala T=0.3452 GT CT CT 
##105 61 21.6 Lobular rs1801552  c.T2076C Ala 692 Ala T=0.3452 GG CT CT 




c.G671A         
c.C1896T   
c.C2634T 
Arg 224 His  
His 632 His  




GG CT CC 




Ala 735 Ala        
Asn 751 Asn 
C=0.0000 
T=0.03955 
GT TT CC 
069 62 26.7 ICNST -    GG TT CC 
078 56 32.2 ICNST 
- 
   
GG CT TT 
*DNA samples screened for pathogenic mutations   using both WES and long-range nanopore sequencing using the   MinION device; #Pathogenic BRCA1 mutation-positive 
BRCA1 (c.66dupA (p.E23fs);  ##Pathogenic BRCA2 mutation-positive BRCA2 (c.3881T>A (L1294*); The BRCA2 mutation detected in Case 019 was previously described by 




None of the patients with CDH1 variants had sufficient vitamin D levels (≥30 ng/mL) (Table 
4.7). There was no difference in the number of variants detected between patients with ILC 
and ICNST. Two missense variants were detected in exon 5 (c.G671A, p.R224H) and exon 9 
(c.A1298G, p.D433G) in patients diagnosed with ILC and ICNST, respectively. The result of 
Sanger sequencing performed for confirmation of the CDH1 missense variant in case 027 is 
shown in Figure 4.11.  WES detected a pathogenic BRCA1 variant (c.66dupA, p.E23fs) in 
case 038. This result was confirmed by Sanger sequencing as shown in Figure 4.12.  
 
 
Figure 4.11: Detection of CDH1 c.G671A (p.R224H) in case 027 using WES (left) and confirmed 
by Sanger sequencing (right). 
 
 
Figure 4.12: Detection of BRCA1 c.66dupA (p.E23fs) in case 038 using WES (left) and confirmed 




Results obtained for the CDH1 gene using WES on the Ion Torrent were compared with the 
reads generated using nanopore sequencing on the MinION device, as shown with the 
Integrative Genomics Viewer (IGV) in Figures 4.11 (case 027) and 4.12 (case 038).  Figure 
4.13 highlights the advantage of using Nanopore sequencing vs. WES for variant discovery, 
as MinION reads cover the entire genomic sequence of the target gene or CDH1 gene, 





Figure 4.13: Comparative analysis of the CDH1 gene sequenced in Case 027 using WES on the Ion Torrent (top) and long-range nanopore sequencing 
on the MinION device (below) as viewed using the Integrated Genome Viewer. Comparison of rs201511530 (position chr16:68,842,735) with WES vs 






Figure 4.14: Comparative analysis of the CDH1 gene sequenced in Case 038 using WES on the Ion Torrent (top) and long-range nanopore sequencing 
on the MinION device (below) as viewed using the Integrated Genome Viewer. Comparison of rs376097289 (position chr16:68,847,376) with WES vs 





         
 
Figure 4.15: Coverage of the CDH1 gene sequenced with WES (top) vs MinION nanopore sequencing (below). Several intronic variants can be seen 







The use of an extremes of outcome approach demonstrated that both environmental and 
genetic risk factors contribute to vitamin D levels, which in turn could affect expression of VDR 
required for activation of cancer susceptibility genes such as BRCA1/2 and CDH1. This 
investigation used the database developed during the study of Baatjes et al. (2019), who 
recently reported that approximately one-third of hormone receptor-positive postmenopausal 
South African breast cancer patients treated at Tygerberg Academic Hospital between 2014 
and 2017, fulfilled international criteria for bone protection during aromatase inhibitor therapy. 
Only 7% had sufficient vitamin D levels, with compensatory secondary hyperparathyroidism 
observed in nearly half of the 14 breast cancer patients diagnosed with osteoporosis at 
baseline.  
 
Determination of BMD furthermore highlighted a significant association between bone fragility 
and low/normal body weight, with 85% of patients found to be overweight or obese. Follow-up 
studies after 12 months in a subset of 72 South African patients selected for aromatase 
inhibitor therapy identified 10 patients with more than 5% bone loss, despite all being obese 
(Baatjes, 2018). Bone loss was significantly associated with variation in the CYP19A1 
(rs10046) gene, screened for clinically relevant SNVs using WES and literature curation 
(Baatjes et al., 2017). A similar PSGT approach was used in this study, to firstly identify 
modifiable clinical and environmental factors contributing to vitamin D levels in the target 
population of postmenopausal hormone receptor-positive breast cancer patients. Secondly, 
genetic testing was performed within this context to help distinguish between lifestyle-triggered 
and inherited breast cancer. Thirdly, therapy-associated co-morbidities were taken into 
account to determine the most optimal treatment strategy for each patient. There is an urgent 




treatment to prevent bone fractures, reported to occur in 18-20% of aromatase inhibitor-treated 
breast cancer patients after 5-years of follow-up (Edwards et al., 2011). Identification of risk 
factors for bone loss before the start of aromatase inhibitor treatment will facilitate 
implementation of preventative measures for improved survival free of medication side effects.  
5.1 Clinical assessment of risk factors for vitamin D deficiency 
The statistically significant association detected between BMI and vitamin D levels confirmed 
the effect of excess body weight on vitamin D deficiency, independent of seasonal changes 
which was shown to affect vitamin D levels in our study population. Inadequate outdoor 
physical activity noted in the majority of study participants is considered an important risk 
factor for weight gain and vitamin D deficiency. Of the 116 postmenopausal hormone receptor-
positive breast cancer patients included in this study, 59 (53%) were obese and 91 (82%) 
reported low levels of physical activity. This is a cause for concern, since exercise has been 
found to be important for release of biologically useful vitamin D trapped in adipose tissue 
(Hengist et al., 2019). The favourable biochemical changes associated with regular exercise 
have a protective effect on breast cancer risk and other medical consequences of obesity 
(Thomas et al., 2017; World Cancer Research Fund/American Institute for Cancer Research, 
2018). While there is no evidence that nutritional supplementation promotes weight loss or 
reduces cancer risk when vitamin D is increased to normal levels, several studies support an 
association with tumour aggressiveness and clinical outcome. 
Abulkhair et al., (2016) reported an increased risk of triple-negative breast cancer in Saudi 
Arabian breast cancer patients with vitamin D levels equal or below 25 nmol/L, compared to 
patients with higher levels as determined by chemiluminescence immunoassay. In a cross-
sectional study performed in 105 newly diagnosed premenopausal and 95 postmenopausal 
breast cancer patients, low vitamin D levels were reported in more than 90% of patients, with 
the highest levels noted in postmenopausal patients (Thanasitthichai, et al., 2015). A cut-off 




performed in Thailand, which differed from the standard threshold of <20 ng/mL used in our 
study population found to be vitamin D deficient in 53% of cases. As vitamin D levels of 40-60 
ng/mL have been suggested to be the optimal levels for cancer prevention (Garland, et al., 
2009), it is of great concern that only 2 (2%) of the patients in our study population, aged 53 
and 58 years, both with normal BMI, had such optimal levels of 42 ng/mL and 43 ng/mL, 
respectively. 
Variation in vitamin D levels due to seasonal changes confirmed that the results of the 
chemiluminescence immunoassay used in our study was a true reflection of the combined 
effect of genetic and environmental factors known to affect vitamin D levels. Similar to our 
results, a study performed in Greece that measured vitamin D levels at different time points 
over a period of 2.5 years in female patients with osteoporosis, showed the lowest vitamin D 
levels in winter and the highest levels during summer (Georgios et al., 2015). Since the highest 
levels of vitamin D were observed during summer, it is clear that latitude is an important factor 
influencing vitamin D levels (Elizondo-Montemayor et al., 2017). Older women may be vitamin 
D deficient irrespective of the season as a result of differences in the manner they dress, 
compared to younger women (Vallejo et al., 2018). Sunlight exposure and UVB rays are 
responsible for the production of pre-vitamin D in the skin. 
Breast cancer is a heterogeneous disease with different treatment requirements based on ER, 
PR and HER2 status (Turashvili & Brogi, 2017). In a study performed in Egypt including 20 
premenopausal and 30 postmenopausal breast cancer patients, significant associations were 
reported between vitamin D deficiency and tumour size (p < 0.001), grade (p = 0.014), stage 
(p = 0.001) and HER2 status (p = 0.002) (Ismail et al., 2018). However, another research 
group in Egypt failed to show any association between vitamin D levels and tumour grade, 
type or HER2 status in 168 (74 premenopausal and 94 postmenopausal) breast cancer 
patients (El-Shorbagy, 2017). The differences in results may be due to small sample sizes and 
different methods used for vitamin D analysis, namely Hitachi ROCHE Cobas 




diagnosed breast cancer patients including 1,113 postmenopausal women confirmed the 
association between vitamin D levels and tumour size, with no evidence for an effect on 
tumour grade or HER2 status (Hatse et al., 2012). The strengths of the Belgian study were a 
large sample size and the use of a radioimmunoassay technique considered most accurate 
for vitamin D analysis.  No statistically significant association between vitamin D and tumour 
characteristics were detected in our study population. 
 
The reasons for discrepancies reported between and within countries have been ascribed to 
different assay methods, the inability to decide on a universally accepted cut-off level for 
vitamin D deficiency, differences in reference ranges of instruments used to measure vitamin 
D levels, diverse patient selection criteria, and heterogeneity of breast cancer that may differ 
between populations due to diverse genetic backgrounds. Confounding factors such as 
climate and diet have furthermore been highlighted as reasons for discrepancies in two bone 
health studies performed in Saudi Arabia. Alkhenizan et al., (2017) could not detect any 
relationship between vitamin D levels and BMD among 271 males and 1452 females, which 
contrasted with the results of an earlier study consisting mainly of 448 postmenopausal women 
from Saudi Arabia (Ardawi et al., 2010). No association was detected between vitamin D levels 
and BMD in our study cohort.  
 
The risk of osteoporosis linked to vitamin D deficiency is related to a negative calcium balance 
and increased bone resorption due to a compensatory effect associated with secondary 
hyperparathyroidism (Prieto-Alhambra et al., 2011; Servitja et al., 2012). Lack of association 
with BMD subcategories in South African breast cancer patients first noted by Baatjes et al. 
(2019), was ascribed to the universally low vitamin D levels. The same direction of action on 
bone health imposed by high/sufficient vitamin D levels and high BMI, which in turn correlates 
with low vitamin D known to be a risk factor for osteoporosis, should furthermore be considered 
in this context. Complex medical conditions such as breast cancer and osteoporosis are 




Gómez et al., 2016), with age, gender and genetic risk factors identified as the most important 
non-modifiable risk factors.  The impact of modifiable risk factors on bone health needs to be 
minimised by optimal vitamin D levels, a healthy body weight, regular outdoor activities, 
adequate calcium intake, avoidance of both active and passive smoking and excessive alcohol 
consumption. Global consensus recommends bone protective therapy in all women with a 
BMD T-score of less than -2 SD; or with a T-score between -1.5 and -2 SD in the presence of 
additional risk factors related to the above-mentioned modifiable risk factors, including age 
above 65 years, a personal history of fragility, a family history of hip fracture and a course of 
steroid therapy for longer than three months.  
Although our findings are limited to the results obtained with single measurement of vitamin D 
levels available in the research database, it  is considered adequate (Jorde et al., 2010) for 
the first phase of this study. We focused on the determination of modifiable clinical and 
environmental risk factors for vitamin D deficiency that may, in turn, have a negative effect on 
genetic variation affecting the vitamin D pathway or expression of the VDR (Pervin et al., 
2013).   
5.2 Whole exome sequencing for identification of vitamin D-lowering 
genetic variants 
A pilot WES study was performed using DNA samples from 10 patients with extremes of 
vitamin D levels (≤12 ng/mL and >30 ng/mL) to identify SNVs associated with low vitamin D 
levels in our study cohort of postmenopausal hormone receptor-positive breast cancer 
patients. The bioinformatics tools used to facilitate variant detection in vitamin D pathway 
genes, including GC, DHCR7, CYP2R1, CYP27B1 and CYP24A1, revealed two missense 
variants in the GC gene (rs4588 and rs7041). The risk-associated T-allele of GC rs4588 was 
detected in all five patients with very low vitamin D levels (≤ 12 ng/mL), including one TT 
homozygote and two compound heterozygotes with both rs4588 and rs7041. Two of the five 




ng/mL) were heterozygous for the GC rs4588 genotype, and three were heterozygous for GC 
rs7041. None of these patients with high vitamin D levels were compound heterozygotes. 
Notably, none of the patients with vitamin D levels above 30 ng/mL were obese; one patient 
was classified as overweight based on BMI. In contrast, four of the five patients with ultra-low 
vitamin D levels were obese; one patient had a normal BMI. The effect of seasonal variation 
as confirmed in the target patient group was also evident, since levels measured in winter 
were only reported in two patients in the low vitamin D group. The power of PSGT 
incorporating WES to help distinguish between causal genetic and environmental factors, or 
a combination of both, was evident in at least one patient (case 004). In this severely vitamin 
D deficient patient with the lowest vitamin D level of all study participants measured in the 
winter (4.82 ng/mL), BMI was classified as obese and compound heterozygosity detected for 
GC rs4588 and rs7041. The ultra-low vitamin D levels detected in this case therefore appears 
to be the result of a combined effect of BMI, reduced sun exposure during winter and vitamin 
D lowering SNVs.  
GC rs4588 was selected for real-time PCR analysis in the extended study population based 
on the literature study and above-mentioned WES results interpreted in a clinical context. Of 
the 100 patients successfully genotyped for this SNV, 66% were homozygous for the G-allele, 
32% heterozygous and 2% homozygous for the risk-associated T-allele.  Since no statistically 
significant association was detected between this GC allele and vitamin D levels, the 
importance of modifiable environmental factors such as high BMI and inadequate outdoor 
physical activity (that may mask the gene effect as confounders) were confirmed in the target 
population of postmenopausal hormone receptor-positive breast cancer patients.  
The same PSGT approach was previously used by Baatjes et al., (2017) for selection of 
CYP19A1 rs10046 following WES performed in an initial 5 patients with low vitamin D levels. 
Proof of concept was subsequently provided in a subset of 72 patients (included in our study 




AA-homozygotes were found to be 7-10 times more likely to have a higher percentage bone 
loss at the total hip (CI of 1.10- 49.34, p=0.04) or the lumbar spine (CI of 1.77- 65.83, p=0.01) 
compared to patients without this allele (Baatjes, 2018). The clinical relevance of CYP19A1 
rs10046 homozygosity was confirmed by absence of this genotype in DNA samples of 34 
breast cancer patients without bone loss at the lumbar spine, after one year on aromatase 
inhibitors. High WES coverage allowed accurate detection of CYP19A1 rs10046 within a 
comprehensive pharmacogenetics and diagnostic context, as one of the 10 patients who 
experienced more than 5% aromatase inhibitor-induced bone loss also tested positive for a 
pathogenic BRCA2 mutation (c.582G>A). This patient was homozygous for the A-allele of the 
functional CYP19A1 rs10046 polymorphism, which support the use of comprehensive DNA 
sequencing methods such as WES providing a resource for both variant discovery and 
differential diagnosis in a clinical context. 
A major limitation of many studies involving vitamin D pathway genes is that vitamin D levels 
are not measured as an intermediate phenotype between gene and disease. This is required 
for appropriate clinical interpretation of functional effects associated with low-penetrance 
SNVs such as GC rs4588, occurring at a relatively high frequency in the general population.  
Interdisciplinary studies enabled by PSGT or other platforms that aim to translate 
genetics/genomics discoveries into clinical practice is essential to extract useful information 
from laboratory-based research that could have a positive impact on public health.  
Stratification by cancer type previously showed that GC rs4588 was significantly associated 
with breast cancer risk, while rs7041 was associated with a significantly increased risk of 
prostate and lung cancer (Zhu et al., 2019). However, in a study of 500 postmenopausal breast 
cancer patients and matched controls performed in the United States, no statistically 
significant association was detected between GC rs4588 and cancer risk (McCullough et al., 
2007). Notably, BMI shown to be an important risk factor in differential diagnosis of genetic 
and lifestyle-related breast cancer in our study was not taken into account as a potential 




mediated by genetic variation in VDR that is activated by vitamin D could be demonstrated, 
which suggests significant gene-diet interaction. Many contradictory findings such as these 
have been described in the literature that highlight the knowledge gap created by non-
integration of genetics with pathology and other health disciplines where necessary 
(Anderson, et al., 2011; Abbas et al., 2008; Carpenter et al., 2013; Jorde et al., 2015; 
Maneechay et al., 2015; Tagliabue et al., 2015). The use of different germline DNA extraction 
(e.g. blood, saliva, cheek swabs) and genotyping methods such as the MassARRAY iPLEX 
Gold Sequenom Platform used in some of the aforementioned studies differ from the 
methodology applied in our study population. This is not expected to affect the outcome of 
comparative studies as all laboratory methods are validated or standardised before 
implementation and statistical tools used to help identify genotyping errors.   
The majority of our female study participants were obese, with an even distribution of the GC 
rs4588 GG (n=32) and GT/TT (n=22) genotypes across the three subcategories of obese, 
overweight and normal/low BMI respectively. Contrasting findings of an association between 
this SNV and obesity/vitamin D levels (Almesri et al., 2016; Santos et al., 2017) could be 
explained by differences in exclusion and inclusion criteria used in these studies.  
 
GC rs4588 was not associated with tumour type, ER, PR and HER status in our study. This 
finding would be expected as our study population was selected by ER status, similar to results 
reported in a German study for GC rs4588 (Abbas et al., 2008). Determination of the influence 
of genetics on vitamin D levels was limited by the relatively small sample size of 100 breast 
cancer patients. Another limitation was the lack of a control group for comparison of genotype 
distribution and allele frequencies.  
 
 5.3 Analysis of VDR gene variants rs731236 and rs2228570 
Genetic risk factors for osteopenia/osteoporosis include genetic variation in the vitamin D 




failed to show a significant association with vitamin D levels (Kim et al., 2015). In this study 
the VDR rs731236 (TaqI) and rs2228570 (FokI) were analysed in 55 postmenopausal breast 
cancer patients using WES. The risk-associated allele of VDR rs731236 (TaqI) is C, while the 
risk-associated allele of rs2228570 (FokI) is T (Beysel et al., 2018), both detected at a minor 
allele frequency of 0.42 in our study population. The genotype distribution of these SNVs 
differed significantly between South African breast cancer patients with osteoporosis, 
osteopenia and those with normal BMD included in this study.  
 
None of the postmenopausal breast cancer patients with osteoporosis studied had the VDR 
rs731236 TT-genotype associated with methylation status of the VDR gene (Andraos et al., 
2011), while the risk-associated C-allele was present in all 14 patients. Similarly, none of the 
osteoporotic patients had the VDR rs2228570 CC genotype, while the risk-associated T-allele 
was present in all 14 patients. The functional effect of VDR rs2228570 (FokI) results in a 
shorter protein receptor and higher transcriptional activity (Arai et al., 1997) with clinical 
relevance supported by some (Sinotte et al., 2008; Tang et al., 2009), but not all studies 
(Rashid et al., 2015; Shahabi et al., 2018). The finding of Andraos et al. (2011) showing 
differential methylation of VDR rs731236 according to genotype (TT 0%, TC 50%, CC 100%) 
may provide an explanation for population differences in disease patterns frequently ascribed 
to ancestral geographic origins and access to healthcare. 
 
Binding of vitamin D to VDR results in formation of the vitamin D-VDR axis that interacts with 
DNA to suppress or promote vitamin D target genes. Changes in this axis caused by low levels 
of vitamin D or (epi)genetic variation in the VDR gene, could increase VDR expression in fat 
cells that in turn reduces energy expenditure (Kazemian et al., 2019). A high BMI was 
previously found to be protective against bone loss due to release of osteogenic hormones 
from adipose tissue and increased mechanical loading (Mo et al., 2017). However, as noted 
by Baatjes et al. (2019), the protective bone effect imposed by obesity was not evident in all 




overweight and three obese.  This may be due to undefined genetic risk factors or the negative 
effect of inflammatory cytokines produced by excessive fat mass (Kimble et al., 1996). In the 
first controlled trial investigating the effect of vitamin D supplementation in breast cancer 
survivors with low plasma vitamin D levels, changes in inflammatory biomarkers were at least 
in part dependent on variation in the VDR gene (Kazemian, Akbari, et al., 2019). VDR 
mediates the mechanism of action of vitamin D on genomic stability related to regulation of 
key genes involved in inflammation, metastasis, and many other processes involved in overall 
health and carcinogenesis (Narvaez et al., 2014). 
Based on the observation of a significant association between breast tumour subtypes and 
variation in the VDR gene, a role of vitamin D in the development of breast cancer was 
suggested (Shi et al., 2016). Al-Daghri et al. (2017) furthermore demonstrated that VDR SNVs 
have a significant effect on response to vitamin D supplementation in patients with type II 
diabetes. This finding raised the possibility that VDR genotyping could identify patients most 
likely to benefit from vitamin D treatment.  Indeed, patients with the risk-associated VDR 
rs731236 (TaqI) genotype experienced the most benefit, while individuals with the rs2228570 
(FokI) CC genotype appear to require higher doses of vitamin D to increase their levels to the 
normal range. These findings support a genotype-targeted approach to vitamin D 
supplementation, confirming that knowledge of both genetic and pathology test results is 
required for health optimisation (Al-Daghri et al., 2017).  
 
5.4 Analysis of CDH1 associated with invasive lobular carcinoma 
The CDH1 gene previously found to be activated by VDR was analysed in patients stratified 
by tumour type, based on the finding that none of the South African postmenopausal breast 
cancer patients with ILC had sufficient vitamin D levels. Previous epigenetic studies identified 
a significant role of CDH1 hypermethylation in the pathogenesis of breast cancer (Caldeira et 
al., 2006; Liu et al., 2016).  WES of the CDH1 gene using the Ion Torrent platform was 




CDH1 WES results of 7 patients (6 ILC, 1 ICNST) were compared with the performance of the 
Oxford Nanopore Technologies MinION platform, showing identical results for the variants 
studied.  
 
WES identified several common SNVs and two rare CDH1 variants of uncertain clinical 
significance (VUS). CDH1 c.G671A (p.R224H) detected in a breast cancer patient with ICNST 
was classified as benign. This was based on the fact that pathogenic germline CDH1 variants 
are associated with ILC and diffuse gastric cancer, but not ICNST. CDH1 c.A1298G (p.D433G) 
was identified in a South African patient with ILC, together with a pathogenic BRCA1 variant 
simultaneously detected by WES. Although this finding supports a likely benign classification 
as reported in the ClinVar database, a family history of stomach cancer reported by the patient 
raised the possibility of a CDH1 modifier gene effect on BRCA1 gene expression in this 
hormone receptor-positive breast cancer patient.  
 
The finding that BRCA1 expression is critical for mediating the beneficial biological impact of 
vitamin D on breast cancer growth (Pickholtz et al., 2014) highlights the role of tumour 
pathology and the genetic background of individual patients to achieve effective vitamin D-
based therapies. Grotsky et al. (2013) reported interaction of vitamin D with the 53BP1 protein 
to eliminate invasive breast cancer cells that lacks BRCA. Disruption of the transcriptional 
activation pathway affecting the BRCA1 promoter leads to development of both breast and 
prostate cancers (Grotsky et al., 2013). Further studies are warranted to determine whether 
germline variants in the CDH1 gene play a role in development of hormone receptor-positive 
breast cancer in BRCA1 mutation carriers. Since most breast cancers with pathogenic 
germline BRCA1 mutations are triple-negative, further studies were performed to define the 
clinical characteristics and pathological features of hormone receptor-positive BRCA1 breast 
cancers (Lakhani et al., 2010; Tung et al., 2010). It was found that these BRCA1 carriers are 
generally older (>50 years) postmenopausal patients and display intermediate tumour 




cancers. This suggested a unique mechanism of cancer development, or an incidental finding 
considered unlikely in our case, as the same mutation has previously been detected in at least 
5 South African breast cancer patients (N van der Merwe, unpublished results).  
 
The pleiotropic nature of CDH1 linked to different medical conditions (Figueiredo et al., 2019) 
complicates clinical interpretation of variants identified in this gene (Benusiglio, 2017). This 
was evident in the case of breast cancer susceptibility discussed at a workshop of the  UK 
Cancer Genetics Group, where a consensus decision was made to exclude CDH1 from the 
gene panel of high-risk genes routinely screened in patients with inherited breast/ovarian 
cancer (Taylor et al., 2018). The reasons for excluding this gene was to avoid the need for 
reviewing the histopathology reports to confirm an invasive lobular breast cancer (ILC) in 
patients with a variant of uncertain clinical significance in the CDH1 gene, as well as the 
uncertainties encountered in families with no history of ILC or diffuse gastric cancer. It was 
however agreed that testing for CDH1 and variant classification should be performed in 
relevant cases according to existing clinical guidelines. These include amongst other genes 
ATM and CHEK2, which both confer a moderately increased risk of breast cancer. The UK 
Cancer Genetics Group recommended that only truncating variants should be reported in 
these two genes, in addition to ATM c.7217T>G p.(Val2424Gly) that confers an increased risk 
of breast cancer. Insufficient evidence was found for a significant risk of breast cancer 
associated with NBN, BRIP1 and BARD1, which were also excluded from the clinical 
sequencing gene panel used in the UK (Taylor et al., 2018).  
 
WES beyond BRCA1/2 gene screening has proven its worth in rapid genetic diagnosis and 
screening for research and clinical service delivery purposes (Singleton, 2011), while long-
range nanopore sequencing is a relatively new emerging technology. Considering the 
portability and affordability of the MinION, it will be a useful sequencing platform in resource-
limited settings (Plesivkova et al., 2019), where the cost of high-throughput laboratory-based 




problem being faced by nanopore sequencers, but this has gradually been resolved by 
upgrading the chemistry of the flow cells. Version R6 had an accuracy of only 60% when it 
was initially launched, whereas with availability of the most recent version R9.5 accuracy has 
improved to 99% (Plesivkova et al., 2019; Rang, et al., 2018). Streamlining of the library 
preparation process to become fully automated would result in wider application of the MinION 
device (Plesivkova et al., 2019). Discontinuation of the EPI2ME cloud-based basecaller and 
introduction of the MinKNOW integrated software and of the Guppy basecaller are additional 
measures to reduce the error rate of this platform (Plesivkova et al., 2019).  
 
Nanopore sequencing of LR-PCR amplicons is a robust and sensitive method for variant 
discovery in the entire genomic region of target genes, limited to the CDH1 gene in this study. 
No errors were detected in the CDH1 gene when the nanopore sequencing results were 
compared with the WES reads generated in our study, while sequencing beyond the coding 
regions covered by WES is considered an advantage for future research of variants detected 
outside the CDH1 coding region (data not shown). Further studies are warranted to validate 
nanopore sequencing using the MinION or other devices developed for the same purpose, 
based on the advantages associated with long reads that can fill the gaps left by WES, which 
does not cover introns and regulatory regions of genes that may contain clinically relevant 
gene variants. 
 
Genetic counselling was recommended for the BRCA1-mutation-positive patient to determine 
the appropriateness of cascade testing on both the paternal and maternal sides of the family. 
This is important to facilitate CDH1 variant classification, and most importantly, to disclose the 
detection of a pathogenic BRCA1 mutation (c.66dupA, p. E23fs) in the index patient using an 






5.5 Data Integration using the PSGT platform 
The following results obtained in this study add value to the PSGT platform in relation to 
postmenopausal hormone receptor-positive breast cancer (diagnosis) in patients at risk of 
osteoporosis (co-morbidity) that may be triggered by treatment with aromatase inhibitors: 
1) Lifestyle-triggered vitamin D deficiency: obesity and lack of outdoor physical activities 
2) Genetic predisposition for osteoporosis: variation in the VDR gene 
3) Tumour histopathology and familial risk: Clinical relevance of pathogenic BRCA1/2 
mutations interpreted in relation to VUS identified in the CDH1 gene 
4) Nanopore sequencing using the MinION device confirming the accuracy of long-range 
sequencing beyond gene coding regions covered by WES 
To our knowledge, this is the first study using WES to investigate the significance of genetic 
variation in vitamin D-related genes in postmenopausal South African breast cancer patients 
at risk of aromatase inhibitor-induced bone loss. The ability of PSGT to address different 
aspects of the same disease is a major benefit as demonstrated by WES to simultaneously 
target familial, lifestyle risk and treatment implications of vitamin D deficiency that has a 
significant impact on VDR expression. In the absence of vitamin D this receptor remains in the 
cytoplasm and prevents activation of target genes such as CDH1 and BRCA1. Variation in the 
VDR gene provides a genetic link between vitamin D dysfunction and shared disease 
mechanisms in chronic diseases of lifestyle, including hormone receptor-positive breast 
cancer and osteoporosis.  These findings strengthen the importance of knowledge relating to 
both genetic and pathology test results in the attainment of effective therapies. 
Strengths and limitations of the study 
The value of PSGT in healthcare delivery lies in early detection of patients at increased risk of 
breast cancer recurrence and drug-induced side effects. Despite a relatively small sample 
size, the expected seasonal variation in vitamin D levels were observed and confirmed the 
reliability of the method used to measure vitamin D levels. Furthermore, all breast cancer 




clinically enriched database resource. Lack of follow-up to monitor vitamin D status in relation 
to bone mineral density limits the interpretation of our results in relation to bone health.  Further 
studies are warranted to increase the number of vitamin D related genes, including pigment 
genes shown to be associated with vitamin D level, which may also help to exclude population 
substructure as an important confounder in genetic studies. This study has improved our 
understanding of gene-environment interactions that became evident at the individual level in 
this study, as a result of the risk profile defined in the larger target population selected for 
analysis. 
In eligible cases, the PSGT platform was used to integrate findings considered relevant to 
breast cancer diagnosis with comorbidities and treatment considerations discussed with the 
treating clinicians and a registered genetic counsellor. Classification of the pathogenic BRCA1 
variant is highly unlikely to change in future, while the CDH1 VUS detected in the same 
patient may require recontact of patients in the event of reinterpretation, following family 










Advances in genomic technologies have the potential to improve breast cancer risk 
management across the continuum of care, ranging from early stage to metastatic disease 
and survivorship. Lack of an effective data integration system led to development of the PSGT 
platform (Kotze et al., 2015) applied in this study to facilitate research translation. This concept 
involves both the germline genome that determines familial risk and governs treatment toxicity, 
and the somatic genome that determines prognosis and the tumour’s response to therapy.  
Replacement of tamoxifen with aromatase inhibitors as the first-line treatment of hormone 
receptor-positive breast cancer in postmenopausal patients has extended patient survival at 
the cost of increased bone loss. Vitamin D deficiency is a modifiable risk factor for 
osteoporosis recently identified as a major co-morbidity in postmenopausal hormone receptor-
positive breast cancer patients treated at Tygerberg Academic Hospital, South Africa (Baatjes 
et al., 2019). Since vitamin D deficiency reported in the majority of these patients remains 
undetected and untreated, this study used data from the same patient cohort to identify 
determinants of vitamin D levels, which in turn was correlated with tumour characteristics and 
bone mineral density with the aim to translate research findings into clinical practice. 
International guidelines are available for early detection or prevention of fractures to enable 
careful assessment of the benefits and harms to make informed decisions on choice of 
hormonal therapy. 
Previous studies indicated that the GC rs4588 (c.1307C>A, T436K) is a functional SNV 
causing an estimated 3.5 ng/mL decrease in vitamin D levels (O’Brien et al., 2018). WES 
identified this variant as a likely genetic contributing factor to ultra-low vitamin D levels in all 
5 South African breast cancer patients, of whom 4 were obese. Extended GC genotyping in 
the total study cohort failed to demonstrate a significant association with vitamin D levels, 




in postmenopausal hormone receptor-positive breast cancer patients. Since vitamin D 
accumulates in adipose tissue where the majority of the circulating vitamin D is sequestered 
(Hengist et al., 2019), exercise programs need to be implemented alongside chemoprevention 
or endocrine treatment to mobilise vitamin D from adipose tissue. Smoking and alcohol 
consumption (Brouwer-Brolsma et al., 2013; Shi et al., 2014) are also important modifiable 
lifestyle factors affecting vitamin D levels, which forms part of the information used in the 
questionnaire-based assessment using the PSGT platform. The beneficial effect of vitamin D 
on both aromatase inhibitor-induced joint pain and bone loss (Prieto-Alhambra et al., 2011) 
led to recommendations of a weekly dose of 10,000 IU vitamin D together with a daily dose of 
1,000 mg calcium (Rizzoli et al., 2012). Based on the results obtained in this study routine 
measurement of vitamin D levels in breast cancer patients attending Tygerberg Academic 
Hospital is important to optimizing bone health during aromatase inhibitor treatment, especially 
during winter. Decreased vitamin D levels correlated significantly with increased BMI in our 
study population, independent of seasonal variation.  
 
The realization that variation in skin pigment genes rather than measured skin pigmentation 
may underly differences in vitamin D levels between African and European populations (Datta 
et al., 2019) implies that the use of race as a proxy for the root cause of aggressive forms of 
breast and prostate cancer (Akinyemiju et al., 2017) may be a missed opportunity to optimise 
public health. Considering the tumour heterogeneity of breast cancer and inconsistent 
outcomes associated with vitamin D-related SNVs, we propose the need to routinely consider 
gene-environment interactions for a better understanding to improve treatment strategies with 
a proposed algorithm shown in Figure 6.1.  Without such a well-defined strategy using PSGT 
to move beyond the limitations of genetics or pathology when applied in isolation, personalised 
genomic medicine will remain elusive. The application of advanced molecular technologies 
comes with the responsibility to act on the information they provide and, most importantly, the 
need for a system to manage patient expectations before embarking on genome-scale 















Figure 6.1: Process developed for integration of clinical, pathological and genetic results using 
the PSGT research translation platform. Treatment failure reported at any of the 5 steps are 
entered into the genomics database for re-interpretation of results in eligible cases.  
 
Comparative WES and nanopore long-range sequencing of the CDH1 gene using DNA 
samples of 7 patients with ILC confirmed the accuracy of the pocketsize MinION device used 
for the first time in our laboratory. The clinically enriched research database used in this study 
provides a secure online resource for research translation into adaptable reports, developed 
in an ongoing manner (Baatjes, 2018). 
Future view 
An alarming rate of vitamin D deficiency up to 40% of cases has been reported in breast 
cancer patients who developed metastasis (Maier et al., 2015). Given the high risk of 
metastasis to the bone that may become unmanageable, more effort should be made to target 
the bone microenvironment that plays an important role in cancer growth. Low vitamin D levels 
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remain largely undetected and untreated in high-risk breast cancer patients (Maier et al., 
2015). Long-term follow-up of our study cohort is therefore warranted given the rich source of 
clinical information that have been captured in the genomics database generated on the PSGT 
platform.  Development of bone metastasis is associated with interaction between bone and 
cancer cells that may be caused by endocrine changes contributing to release of bone-derived 
growth factors and cytokines promoting proliferation of cancer cells (Coleman, 2000).  
 
This study highlighted the need to educate the public on the importance of maintaining normal 
body weight by engaging in regular physical activity. This will be helpful in release of trapped 
vitamin D in adipose tissue into circulation to treat vitamin D deficiency/insufficiency and 
reduce BMI in South African breast cancer patients. Nutrition (Weaver, 2013) and exercise 
support (Thomas et al., 2017) do not currently form an integral part of breast cancer risk 
management. Routine assessment of vitamin D levels is essential prior to aromatase inhibitor 
treatment of postmenopausal breast cancer patients to optimize bone health and quality of 
life.  
In conclusion, the new insights gained as a result of this study relating to (i) lifestyle-triggered 
vitamin D deficiency (obesity, lack of outdoor physical activities), (ii) a genetic predisposition 
for osteoporosis (VDR), and (iii) tumour histopathology underlying inherited breast cancer and 
familial risk (BRCA1/2, CDH1), may be incorporated into the PSGT algorithm. This pharmaco-
diagnostic platform facilitated clinical interpretation of WES in high-risk postmenopausal 
hormone receptor-positive breast cancer patients at increased risk of aromatase inhibitor-
induced bone loss, recently found to be linked to the CYP19A1 rs10046 AA genotype in the 
same study cohort. These findings support the use of WES alongside clinical assessments to 
assist clinicians in making the best treatment decision for their patients. WES may assist in 
identifying clinically relevant genetic risk factors for breast cancer development as well as 
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STANDARD OPERATING PROCEDURE FOR DNA EXTRACTION 
 
The QIAGEN QIAamp® DNA Blood Maxi Kit DNA extraction protocol (spin protocol) for whole blood: 
 
1. The DNA extraction procedure started with dispensing 500 μl QIAGEN Protease stock solution into 
the bottom of a 50 ml centrifuge tube. This solution contains the enzyme (protease) responsible for 
lysing or breaking up the cells, expelling their cellular components and releasing their DNA into the 
solution. 
 
2. Five mls of blood sample was added to the stock solution and very briefly mixed (to create 
homogenous solution for adequate lysis), using a vortex machine. 
 
3. Six mls buffer AL was added to the tube and mixed by inverting the tube 15 times, followed by 
vigorous shaking (using a vortex machine) for approximately 1 minute. 
 
4. The homogenized solution was incubated at 70°C in a dry block for 15 minutes. After incubation, 5ml 
ethanol (96% -100%) was added to the sample and mixed (to ensure binding of the lysate to the 
membrane) by inverting the tube 10 times followed by vigorous shaking. 
 
5. The solution was carefully transferred onto the QIAamp® Maxi column (membrane) inside a 50 ml 
centrifuge tube and was centrifuged at 3000 rpm for 3 minutes. 
 
6. The QIAamp® Maxi column was transferred to a clean 50 ml centrifuge tube and the filtrate discarded 
to prevent the nozzle of the QIAamp® Maxi column from being submerged in the filtrate (reduces the 
washing efficacy). 
 
7. Five mls Buffer AW1 was added to the QIAamp® Maxi column and centrifuged at 5000 rpm for 1 





8. The QIAamp® Maxi column was placed into a clean 50 ml centrifuge tube and the collection tube 
containing the filtrate was discarded. 
 
9. Six hundred μl distilled water equilibrated to room temperature (15-25°C) was added directly onto 
the membrane of the QIAamp® Maxi column. 
 
10. This was incubated at room temperature for 5 minutes, followed by centrifugation at 5000 rpm for 2 
minutes. 
 
11. The same volume of distilled water was added and this step repeated, but centrifuged for 5 minutes. 
The eluted solution now contained the newly extracted DNA. 
 
SANGER SEQUENCING STANDARD OPERATING PROCEDURES 
 
Post PCR Clean-up: Post PCR clean-ups are performed using the Nucleofast 96 well post PCR clean-
up plate from Macherey Nagel.  The protocols supplied by the manufacturer are implemented on a 
Tecan EVO150 robotic workstation. 
DNA Sequencing reactions: DNA sequencing is done using the BigDye Terminator V3.1 sequencing 
kit (Applied Biosystems) using the manufacturers protocol with slight modifications. 
Post sequencing clean-up: After cycle sequencing the products are treated with SDS before it is 
transferred onto Sephadex columns (Princeton Scientific). The protocols supplied by the manufacturer 
are implemented on a Tecan EVO150 robotic workstation. 
DNA sequencing electrophoresis: Prior to electrophoresis the samples are denatured for 2 minutes 
at 95°C and then cooled to 4°C. Electrophoresis is performed on an ABI3730xl using a 50cm capillary 
array and POP7 (all supplied by Applied Biosystems). 
Fragment analysis electrophoresis: PCR products are subjected to a post PCR clean-up prior to 




standard (Applied Biosystems) and Hi-Di prior to denaturing for 5 minutes at 95°C.  Directly after heating 
the samples are placed on ice for 5 minutes.  Electrophoresis is performed on either an ABI3500xl or 
an ABI3730xl using a 50cm Capillary array and POP7 (all supplied by Applied Biosystems). 
 
WHOLE EXOME SEQUENCING STANDARD OPERATING PROCEDURES 
 
GENOME DNA QUALITY CONTROL 
DNA from these samples were assessed for purity on the NanoDrop™ ND-1000 spectrophotometer 
(ThermoFisher)  
Scientific), using a low Tris-EDTA buffer.  The double stranded DNA (dsDNA) fraction in each sample 
was determined on the Qubit 4.0 fluorometer (ThermoFisher Scientific) using the QubitTM 1x dsDNA HS 
assay kit according to the manufacturer’s protocol, MAN0017455 REVA.0.  Genomic quality scores 
(GQS) were determined on the LabChip® GXII Touch (PerkinElmer, Waltham, MA, USA), using the 
DNA Extended Range Chip and Genomic DNA Reagent Kit (PerkinElmer) according to the 
manufacturer’s protocol, CLS140166, Rev. D (Table 1).  The GQS is a value between 0 and 5, with 
zero indicating the lowest quality DNA and five high-quality, intact gDNA.  
EXOME LIBRARY PREPARATION  
The Ion AmpliSeq™ Exome RDY Kit was used to prepare whole human exome libraries from 100ng 
input gDNA for sample KB025, KB038 and KB097.  Targets were amplified on the SimplyAmp Thermal 
Cycler using the Ion AmpliSeq™ Exome RDY Panel and the Ion AmpliSeq™ Library Kit Plus according 
to the protocol, MAN0010084, REV E.0.  Following exome target amplification across 12 primer pools, 
the products were combined and primer sequences partially digested in preparation for adapter ligation.  
IonCode™ Barcode Adapters were used to generate libraries from project samples with the respective 
barcodes noted in Table2.  Adapter ligated exome libraries were purified with Agencourt™ AMPure™ 
XP reagent and eluted in 50ul low TE buffer. 
LIBRARY QUANTIFICATION  
Exome library quantification was performed using the Ion Library TaqMan Quantitation Kit 




Briefly, qPCR reaction volumes were scaled to a final volume of 10ul and amplification was performed 
using the StepOnePlus™ Real-time PCR system (ThermoFisher Scientific).  The molarity of sample 
libraries is noted in Table2. Table2. Library ID, quantity and run combination. 
 
TEMPLATE PREPARATION AND ENRICHMENT  
Libraries were diluted to a target concentration of 20pM.  The diluted, barcoded, exome libraries were 
combined in equimolar amounts for sequencing template preparation using the Ion 550™ Chef Kit.  The 
pooling strategy for the exome libraries are shown in Table2, with the specific run ID as reference.  
Twenty-five microliters of diluted, pooled library was loaded onto the Ion Chef liquid handler for template 
preparation and enrichment using Ion 550™ Chef Reagents, Solutions and Supplies according to the 
protocol, MAN0017275, REVB.0.  Enriched ion sphere particles were loaded onto an Ion 550™ Chip.  
SEQUENCING  
Massively parallel sequencing was performed on the Ion S5™ system using Sequencing Solutions, and 
Reagents according to the protocol, MAN0017275, REVB.0.  
 
SEQUENCE ANALYSIS  
Flow space calibration, base caller analysis, reference genome alignment (CEU), coverage analysis 
and variant calling was performed using standard analysis parameters in the Torrent Suite Version 




REAGENTS & CONSUMABLES 
 
Standard operating protocol for LR-PCR using PrimeStar GLX 
 1X (µL) Final concentration 
DNA (10ng/µL) 4.0  
PrimeStar GLX buffer (5X) 4.0  
dNTPs mix (2.5µM each) 1.6 200µM 
Forward primer (10µM) 0.4 0.2µM 
Reverse primer (10µM) 0.4 0.2µM 
PrimeStar GLX polymerase (1.25U/µL) 0.4 0.5U/µL 
Water 9.2  
Total 20.0  
PCR Conditions 
98℃   10 sec 
55 or 60℃  15 sec 30 cycles   [3-step PCR] 
68℃   1 min/kb 
Item  Manufacturer  Cat No  LOT  Exp. Date  
Qubit 1x dsDNA HS assay kit  ThermoFisher Scientific  Q33231  2020112  -  
DNA Extended Range LabChip  Perkin Elmer  CLS138948  S993B  2019-05-19  
Genomic DNA Reagent Kit  Perkin Elmer  CLS760685  WH07RK01  2019-05-06  
Ion AmpliSeq™ Exome RDY Panel, 1x8  ThermoFisher Scientific  4489838  1802026  2021-03-15  
Ion AmpliSeq™ Library Kit Plus   ThermoFisher Scientific  4488990  1954919  2020-08-31  
Ion Code™ Barcode Adapters Kit  ThermoFisher Scientific  A29748  1702002  2019-03-15  
Agencourt™ AMPure™ XP Kit  Beckman Coulter  A63881  170620000  2019-11-15  
Ion Library TaqMan™ Quantitation Kit  ThermoFisher Scientific  4468802  00693467  2019-03-31  
Ion S5™ 550™ Chef Reagents  ThermoFisher Scientific  A34540  2061837  2019-10-31  
Ion S5™ 550™ Chef Solutions  ThermoFisher Scientific  A36410  2061836  2019-09-30  
Ion S5™ 550™ Chef Supplies  ThermoFisher Scientific  A27755  2006392  2020-08-31  
Ion S5™ 550™Chip  ThermoFisher Scientific  A34537  QRY615E  2019-08-31  
Ion S5™ 550™ Sequencing Solutions  ThermoFisher Scientific  100031091  1977159  2019-06-30  
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